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AB S TRA CT 
 
Adhesive bonding is one of the most attractive joining techniques for any structural 
application,   including   high   profile   examples   in   the   aerospace,   automotive,   marine 
construction  and  electrical  industries.  Advantages  of  adhesive  bonding  include;  superior 
fatigue performance, better stress distribution and higher stiffness than conventional joining 
techniques.  When the design of bonded joints is considered, fatigue is of critical importance 
in most structural applications. There are two main issues that are of importance; a) in-service 
damage characterisation during fatigue loading and, b) lifetime prediction under both constant 
and variable amplitude fatigue loading. 
 
If fatigue damage characterisation is considered, there has been some work to characterise 
damage in-situ using the backface strain (BFS) measurement technique, however, there has 
been little investigation of the effects of different types of fatigue behaviour under different 
types of geometry and loading. Regarding fatigue lifetime prediction of bonded joints, most 
of the work in the literature is concentrated with constant amplitude fatigue, rather than 
variable amplitude fatigue.  Fatigue design of a bonded structure based on constant amplitude 
fatigue, when the actual loading on the structure is of the variable amplitude fatigue, can 
result in erroneous lifetime prediction. This is because of load interaction effects caused by 
changes in load ratio, mean load etc., which can decrease the fatigue life considerably. 
Therefore, the project aims to a) provide a comprehensive study of the use of BFS 
measurements to characterise fatigue damage, b) develop novel techniques for predicting 
lifetime under constant amplitude fatigue and c) provide an insight into various types of load 
interaction effects. 
 
In this project, single lap joints (SLJ) and compound double cantilever beam geometries were 
used. Compound double cantilever beams were used mainly to determine the critical strain 
energy release rate and to obtain the relationship between strain energy release rate and 
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fatigue crack growth rate.  The fatigue life of SLJs was found to be dominated by crack 
initiation at lower fatigue loads. At higher fatigue loads, fatigue life was found to consist of 
three phases; initiation, stable crack propagation and fast crack growth. Using these results, a 
novel damage progression model was developed, which can be used to predict the remaining 
life  of  a  bonded  structure.    A  non-linear  strength  wearout  model  (NLSWM)  was  also 
proposed, based on strength wearout experiments, where a normalised strength wearout curve 
was found to be independent of the fatigue load applied. In this model, an empirical parameter 
determined from a  small number of  experiments, can be used to determine the residual 
strength and remaining life of a bonded structure. A fracture mechanics approach based on the 
Paris law was also used to predict the fatigue lifetime under constant amplitude fatigue. This 
latter method was found to under-predict the fatigue life, especially at lower fatigue loads, 
which was attributed to the absence of a crack initiation phase in the fracture mechanics based 
approach. A damage mechanics based approach, in which a damage evolution law was 
proposed based on plastic strain, was found to predict the fatigue life well at both lower and 
higher fatigue loads. This model was able to predict both initiation and propagation phases. 
Based on the same model, a unified fatigue methodology (UFM) was proposed, which can be 
used to not only predict the fatigue lifetime, but also various other fatigue parameters such as 
BFS, strength wearout and stiffness wearout. 
 
The final part of the project investigated variable amplitude fatigue. In this case, fatigue 
lifetime was found to decrease, owing to damage and crack growth acceleration in various 
types of variable amplitude fatigue loading spectra. A number of different strength wearout 
approaches  were  proposed  to  predict  fatigue  lifetime  under  variable  amplitude  fatigue 
loading. The NLSWM, where no interaction effects were considered was found to over- 
predict the fatigue life, especially at lower fatigue loads. However, approaches such as the 
modified cycle mix and normalised cycle mix approaches were found to predict the fatigue 
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life well at all loads and for all types of variable amplitude fatigue spectra. Progressive 
damage models were also applied to predict fatigue lifetime under variable amplitude fatigue 
loading. In this case a fracture mechanics based approach was found to under-predict the 
fatigue life for all types of spectra at lower loads, which was established to the absence of a 
crack initiation phase in this method.   Whereas, a damage mechanics based approach was 
found to over-predict the fatigue lifetime for all the  types of  variable amplitude fatigue 
spectra, however the over- prediction remained mostly within the scatter of the experimental 
fatigue life data. It was concluded that, the damage mechanics based approach has potential 
for further modification and should be tested on different types of geometry and spectra. 
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NO M ENCL AT UR E 
 
ROM A N LET T ERS 
 
 
UP P E R C AS E L ET T ERS 
 
A Area 
 
 
C 
 
 
Compliance 
 
 
Cd 
 
 
Constant based on lamination layups for fibre 
 
 
Cm 
 
 
Constant based on lamination layups for matrix 
 
 
CD 
 
 
Proportionality constant for progressive damage law 
 
 
CF 
 
 
Paris law constant 
 
 
D 
 
 
Damage 
 
 
DPM 
 
 
Cycle ratio (PM rule) 
 
 
E 
 
 
Young‟s modulus 
 
 
Eo 
 
 
Initial Young‟s modulus 
 
 
F 
 
 
Boundary correction factor 
 
 
G 
 
 
Strain energy release rate 
  
GI Mode I strain energy release rate 
 
 
GII 
 
 
Mode II strain energy release rate 
 
 
Gth 
 
 
Fatigue threshold strain energy release rate 
 
 
GIC 
 
 
Mode I critical strain energy release rate 
 
 
GC 
 
 
Critical strain energy release rate or fracture energy 
 
 
GT 
 
 
Total strain energy release rate 
 
 
GSi 
 
 
Shear modulus 
 
 
I 
 
 
Inertia 
 
 
K 
 
 
Stress intensity factor 
 
 
KI 
 
 
Mode I stress intensity factor 
 
 
KII 
 
 
Mode II stress intensity factor 
 
 
KC 
 
 
Fracture toughness 
 
 
L 
 
 
Maximum fatigue load 
 
 
L (n) 
 
 
Residual load 
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La Load amplitude 
 
 
Lmax 
 
 
Maximum fatigue load 
 
 
Lmin 
 
 
Minimum fatigue load 
 
 
Lmean 
 
 
Mean load of a constant amplitude fatigue loading spectrum 
 
 
Lmax1 
 
 
Maximum fatigue load of the lower loading block in a two stage fatigue 
spectrum 
 
Lmax2 
 
Maximum load of the higher loading block in a two stage fatigue spectrum 
 
Lmean1 
 
Mean load of the lower loading block in a two stage fatigue spectrum 
 
 
Lmean 2 
 
 
Mean load of the higher loading block in a two stage fatigue spectrum 
 
 
Ln 
 
 
Normalised residual load 
 
 
LOL 
 
 
Overload 
 
 
Lu 
 
 
Ultimate quasi-static load at failure 
 
 
M 
 
 
Crack density 
 
 
N 
 
 
Number of fatigue loading cycles 
 
 
Nb 
 
 
Number of loading blocks 
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Ne Effective number of cycles 
 
 
Ni 
 
 
Applied number of cycles 
 
 
Nf 
 
 
Number of cycles-to-failure 
 
 
O 
 
 
Constant used in crack length to width ratio 
 
 
P 
 
 
Quasi-static load 
 
 
R 
 
 
Load ratio 
 
 
Rc 
 
 
Crack growth constant 
 
 
S (n) 
 
 
Strength 
 
 
Sed 
 
 
Endurance limit 
 
 
Su 
 
 
Initial static strength 
 
 
T 
 
 
Traction 
 
 
U 
 
 
Strain energy 
 
 
Ue 
 
 
Elastic strain energy 
 
 
Up 
 
 
Plastic strain energy 
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V Ratio of maximum applied stress to the ultimate stress to failure 
 
 
W 
 
 
Work done 
 
 
Y 
 
 
Energy 
 
 
 
LOW ER CAS E LET T ERS 
 
a Crack length 
 
 
b 
 
 
Width 
 
 
c 
 
 
Random event in a probability distribution 
 
 
d 
 
 
Depth 
 
 
e 
 
 
Exponential 
 
 
f 
 
 
Frequency 
 
 
fs 
 
 
Probability density function 
 
 
h 
 
 
Height 
 
 
j 
 
 
Constant 
 
 
k 
 
 
Stiffness 
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l Length 
 
 
mF 
 
 
Paris law constant (power) 
 
 
mD 
 
 
Damage evolution law constant  (power) 
 
 
n 
 
 
Applied number of fatigue cycles in Palmgren Miner rule 
 
 
p 
 
 
Probability 
 
 
q 
 
 
Constant for PM rule based methods 
 
 
r 
 
 
Radial distance 
 
 
rp 
 
 
Plastic zone size 
 
 
r(t) 
 
 
Reliability 
 
 
t 
 
 
Time 
 
 
u 
 
 
Displacement 
 
 
uo 
 
 
Crack mouth opening 
 
 
w 
 
 
Width 
 
 
x, y 
 
 
Power law constants used in modified Palmgren Miner rules 
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GREEK LET T ERS 
 
α Scale parameter for Weibul distribution 
 
β 
 
Shape parameter for  Weibul distribution 
 
 
γ 
 
Constant used to account for load ratio change in a variable amplitude  fatigue loading 
spectrum 
 
ν 
 
Poisson‟s ratio 
 
λ (t) 
 
Poisson variable  (for Poisson probability distribution) 
 
ζ 
 
Stress 
 
ζa 
 
Stress amplitude 
 
ζr 
 
Residual stress 
 
ζa 
 
Stress amplitude 
 
ζop 
 
Crack opening stress 
 
ζyp 
 
Yield stress in tension 
 
ε 
 
Strain 
 
εp 
 
Plastic strain 
 
δ 
 
Displacement 
 
 
ψ 
 
Damage shift factor used in fatigue lifetime prediction under variable amplitude 
fatigue loading 
 
δ 
 
Damage parameter used in strength wearout based lifetime prediction models 
 
ζ 
 
Angle in radians 
 
Θ 
 
Fatigue load dependent parameter in strength wearout based lifetime  prediction 
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ΦR 
Parameter to account for crack growth retardation for fatigue lifetime prediction under 
variable amplitude fatigue 
 
 
ΦD 
 
Parameter for crack growth acceleration for fatigue lifetime prediction under variable 
amplitude fatigue 
 
 
ΦI 
 
Parameter for yielding effect for fatigue lifetime prediction under   variable amplitude 
fatigue 
 
Δ 
 
Symbol used for difference 
 
ω 
 
Fracture surface roughness parameter 
 
θ 
 
Free energy potential 
 
ε 
 
Exponent empirical parameter for non-linear strength wearout model 
 
 
S UBS CR IP T S 
 
 
B Block 
 
 
C 
 
 
Critical 
 
 
e 
 
 
Elastic 
 
 
f 
 
 
Final or fracture 
 
 
max 
 
 
Maximum 
 
 
min 
 
 
Minimum 
 
 
mean 
 
 
Mean 
29  
 
n Normalised 
 
 
p 
 
 
Plastic 
 
 
th 
 
 
Threshold 
 
 
 
ACR ON YM S 
 
CAF Constant amplitude fatigue 
 
 
BFS 
 
 
Backface strain 
 
 
FEA 
 
 
Finite element analysis 
 
 
FCG 
 
 
Fatigue crack growth 
 
 
LCM 
 
 
Linear cycle mix 
 
 
MCM 
 
 
Modified cycle mix 
 
 
NLCM 
 
 
Nonlinear cycle mix 
 
 
NCM 
 
 
Normalised cycle mix 
 
 
NLSWM 
 
 
Nonlinear strength wearout model 
 
 
PM 
 
 
Palmgren-Miner 
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QSFL Quasi-static failure load 
 
 
SEM 
 
 
Scanning electron microscopy 
 
 
UFM 
 
 
Unified fatigue methodology 
 
 
VAF 
 
 
Variable amplitude fatigue 
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CH AP TER 1 AI M S O F RES EA RCH AN D O UT LI NE O F T H ES I S 
 
1 . 1 BA CK GR OUN D 
 
Different types of joining have been used for thousands of years and in many applications. 
Some of the types of joining technique available include; bolted joints, fusion, brazing and 
adhesive bonding (Edward, 1999). These can be divided into four categories, namely; 
fastening, bonding, fusion and hybrid joints. Fastening consists of joining two or more parts 
of a structure using mechanical parts such as rivets, bolts or nuts (John, 1995, Kulak, et al., 
1987) whereas in the case of bonding, application of a third medium i.e. the adhesive is used 
to join parts. An adhesive can be defined as a material which when applied to surface of 
materials, can join them together and resist separation (Kinloch, 1987). Adhesives are 
generally applied from the liquid or semi-solid phase, which solidify using either thermoset or 
cure reaction. This can happen at room or elevated temperatures depending upon the phases 
present in the adhesive. In the case of fusion one part is fused into other by localised melting. 
A third medium is also used in many cases. Welding is a striking example of fusion joining 
process. 
 
Hybrid joints use both mechanical fastening and adhesive bonding as the means of joining 
two or more parts. Their use can be seen in applications where, for example, both high tensile 
and  shear  strengths  are  required  (Nilsson,  1989).  In  this  reference,  they  have  used  the 
adhesive to increase the shear strength of a composite bolted joint. Other examples are weld- 
bonding or rivet-bonding used in aerospace industry (Schwartz, 1979).  Some pictures taken 
of different types of joints used in industry are shown in Figure 1-1. Here a welded joint used 
in the fuselage of the aircraft (Collectors-edition, 2009, Larry, 2002), riveted joints used in the 
aircraft wing (astb.gov.in, 2006, Joseph, et al., 2007), bonded joint used in a blade cross 
section (Jensen, 2009) can be seen. Adhesively bonded joints can be a replacement for 
conventional  joining  methods  for  a  number  of  reasons.  For  example,  stresses  are  more 
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uniformly distributed and the bonding process does not weaken the adherends as compared to 
mechanical joints (Ashcroft and Crocombe, 2008). The adhesive joints also possess higher 
fatigue strength, as compared to, for example, riveted joints, as stated in Ashcroft, (2005) and 
Baldan, (2004). In addition, bonded joints provide load carrying surface as compared to 
mechanical fasteners, where the load is transferred via points (Baker, et al., 2007, Davis and 
Bond, 1999). Some of the other advantages as reviewed by Baldan, (2004) are stiffer and light 
weight connection and better corrosion resistance in the case of bonded joints compared to 
mechanical joining methods. 
 
 
 
 
 
 
 
Welded joint 
 
 
 
Riveted joint 
 
 
 
 
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
Bonded joint 
 
 
 
 
 
 
(c) 
 
Figure 1-1 (a) Welded joints used in a fuselage (Collectors-edition, 2009, Larry, 2002), (b) 
riveted joints used in an aircraft wing (astb.gov.in, 2006, Joseph, et al., 2007) and (c) 
bonded joint used in a blade cross section (Jensen, 2009). 
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There are also disadvantages associated with bonded joints. Firstly, it is generally difficult to 
disassemble a bonded joint. This restricts the use of bonded joints in applications, where 
regular  maintenance  work  is  needed.  Secondly,  it  is  difficult  to  monitor  damage  in  the 
adhesive during service, owing to subsurface damage occurring in the adhesive in most 
operations (Sharp, et al., 1996). Thirdly, effect of environment, especially moisture with 
elevated temperature is still an issue for the usage of bonded joints in many applications. This 
is because of the hygro-thermal nature of polymeric adhesives, which affects the joint strength 
when exposed to different moisture and temperature conditions. There is substantial work 
reported in the literature which addresses this disadvantage of bonded joints, such as; 
Crocombe, et al., (2006), Jumbo, (2007) and Loh, et al., (2002). Finally, a complex surface 
pretreatment is generally required for optimised adhesive joints. 
 
Despite these disadvantages, bonded joints are widely used in industry, especially in places 
where drilling holes in the material is difficult, for example in composite materials (Breziner 
and Hutapea, 2008) and composite repairs (Baker, et al., 2003). Hence, the design of bonded 
joints is taken seriously. There are a number of approaches, both analytical and numerical, 
which have been used mainly to address problems such as tightening the fatigue damage 
tolerance and predicting the service life accurately. In order to predict the correct service life 
of a bonded structure, the type of loading considered is important, since the service life can 
vary depending upon the type of predominant loading on the bonded structure. 
 
Loading on a bonded structure can be quasi-static, fatigue or dynamic in nature. In most 
applications fatigue loading is predominant (Abdel Wahab, et al., 2001, Ashcroft, 2004, 
Ashcroft, 2005, Ashcroft and Crocombe, 2008, Crocombe, et al., 2002, Erpolat, et al., 2004a, 
Sedrakian, et al., 2000). For this reason, design with respect to fatigue loading has attracted 
considerable attention. This requirement has lead to, many lifetime prediction methodologies, 
both analytical and numerical and for different types of adhesives. However, the existing 
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knowledge is currently not advanced as in the field of fatigue of adhesives compared to other 
materials, such as metals. This is especially the case in the field of in-service damage 
monitoring and lifetime prediction under constant and variable amplitude fatigue loading, 
where there is still a large amount of research required and there are many challenges to be 
addressed. In this project different approaches were used and developed to address some of 
the important issues in the field of damage monitoring under fatigue loading. In addition, 
lifetime prediction methods were also proposed to provide important new insights in the field 
of fatigue design of bonded joints. 
 
 
1 . 2 A IM S O F RE S EA R CH 
 
This research project aims to address three fundamental problems in the field of adhesion. 
Firstly, it aims to characterise the fatigue damage in-situ using the backface strain (BFS) 
technique under constant amplitude fatigue loading for bonded single lap joints (SLJ). In this 
context, the project aims to determine different phases of damage and crack progression for 
different fatigue load regimes, and also the type of crack front generated under such loading. 
Using a combination of fatigue lifetime and BFS results, this research aims to develop a novel 
damage progression model that can aid in predicting the remaining life of bonded structures, 
both prior to and after crack initiation under fatigue loading. 
 
Secondly, this project aims to determine the strength wearout in bonded joints during fatigue 
loading. An effort will also be made to correlate the reduction in strength with the resultant 
damage and BFS measurements. Models will also be developed using these results, which can 
be used to determine the remaining strength in a bonded structure based on some empirical 
parameters. Finally, the project aims to study different types of load interaction effects present 
in a typical load-time history in bonded structures. Different lifetime prediction methods, both 
analytical and numerical based will be developed to predict the fatigue lifetime of single lap 
joints under both constant and variable amplitude fatigue loading. 
5  
1 . 3 IND US T R IAL CON T E XT 
 
Health monitoring in a bonded structure is vital, especially in the aircraft industry. Health 
monitoring systems serve to indicate premature failure of one or more members that are 
important to maintain the structural integrity.   The internal damage in these structures has 
been a cause of concern as it is generally difficult to monitor, especially in aircraft structures, 
which fail predominantly due to dynamic and fatigue loading. However, there are some 
currently-used methods of damage detection in bonded joints, for example; using; acoustic 
emission techniques, piezoelectric sensors, ultrasound techniques, dielectric spectroscopy and 
computer tomography. However, the installation of such systems in an in-service aircraft 
would be a challenging task. Also, these systems are not currently cost effective, which has 
motivated  researchers  to  come  up  with  cheaper  and  more  reliable  systems  of  health 
monitoring. In the context of bonded aircraft joints a prior indication regarding catastrophic 
failure can be of great use. In this project, these problems will be addressed using the BFS 
measurement technique. In the context of bonded aircraft joints, the BFS measurements will 
be  used to characterise  different  phases  of  damage  and crack propagation  under fatigue 
loading. This will be applied to epoxy adhesive FM 73M, which is extensively used in the 
aircraft industry. The knowledge gained by this study using the BFS technique will enhance 
the ability to predict the fatigue lifetime under constant amplitude fatigue loading. 
 
Furthermore, an important issue in the aircraft industry is design with respect to damage 
tolerance (e.g. fracture mechanics) rather than a safe life (Palmgren-Miner rule) approach. 
This will be addressed in this project by developing techniques specifically for bonded joints 
using both analytical and numerical means for the purpose of lifetime prediction. Strength 
wearout measurement will be used to determine the fatigue life analytically. Progressive 
damage modelling approaches, such as fracture mechanics and damage mechanics approaches 
will be used to determine fatigue life numerically. These proposed models can be used to 
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predict life under both constant and variable amplitude fatigue loading. Since, all the models 
developed in this project are based on experimental observation; they can be potential 
replacements for methods such as the Palmgren-Miner rule or Goodman-Soderberg diagrams, 
which are extensively used within the aircraft industry for fatigue lifetime prediction. 
 
 
1.4 CO NT R IBUT ION T O T HE B OD Y OF OR G IN AL K NOW L ED GE 
 
The  outcome  of  this  research  has  contributed  in  various  ways  to  the  original  body  of 
knowledge. They can be specifically highlighted as follows: 
 
• Backface strain measurement was used to characterise fatigue damage of bonded 
joints.   At higher fatigue loads the fatigue lifetime was found to be dominated by 
crack propagation and at lower fatigue loads by crack initiation. 
 
• A novel damage progression model was proposed that can be used to determine the 
remaining life, especially at higher fatigue loads, for bonded joints. 
 
• A modified non linear strength wearout model was proposed that can be used to 
predict the remaining strength in bonded joints. 
 
• A novel damage mechanics model was proposed to predict fatigue lifetime under both 
constant and variable amplitude fatigue loading. 
 
• A novel unified fatigue methodology was proposed that can be used to predict not 
only fatigue lifetime but also strength and stiffness wearout and the backface strain. 
 
• Several novel strength wearout based models were proposed to predict the fatigue 
lifetime under variable amplitude fatigue loading. 
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1.5 OUT L INE OF T HE T HES I S 
 
In this section the chapters included in the rest of the thesis are briefly described. 
 
 
Chapter 2 Literature review: In this chapter a survey of different types of damage 
characterisation techniques that can be used to monitor damage in bonded joints, including an 
in-depth survey of the BFS measurement technique are carried out. A survey and critical 
review into different fatigue lifetime prediction methodologies used for metals, composites 
and polymers is also detailed. 
 
Chapter 3 Experimental techniques and materials etc: In this chapter, different methods used 
for experimentation are given and the apparatus used for fracture surface characterisation are 
described. 
 
Chapter 4 Finite element modelling: This chapter starts with a brief introduction to finite 
element modelling and then describes the types of element, material models, non-linearities, 
meshing, boundary conditions and geometric properties used in the project. In addition, 
different solving and post processing procedures are also detailed. 
 
Chapter  5  In-situ  damage  characterisation  and  strength  wearout  measurements  under 
constant amplitude fatigue: This chapter starts by reporting results from damage 
characterisation using the BFS measurement technique. Fractography results obtained using 
optical and scanning electron microscopy are then reported. Results of finite element analysis 
are provided for different fatigue loads. A novel damage progression model is proposed and 
strength wearout measurement results are reported. The chapter ends with the correlation of 
strength with damage, crack length and BFS and the proposal of new modified non-linear 
strength wearout model. 
 
Chapter 6 Lifetime prediction under constant amplitude fatigue loading: In this chapter the 
experimental determination of fracture mechanics parameters, both quasi-static and fatigue 
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are reported. Fatigue a lifetime prediction of constant amplitude fatigue loads using, fracture 
mechanics based methods are reported. Finally, a lifetime prediction of constant amplitude 
fatigue using a damage mechanics based method is presented, both in 2D and 3D. 
 
Chapter 7 Lifetime prediction under variable amplitude fatigue loading: In this chapter 
experimental results from different types of variable amplitude fatigue spectra are reported 
and discussed. Different types of analytical model are proposed to predict the fatigue lifetime 
for these spectra. A number of fracture and damage mechanics methods are then proposed to 
predict the fatigue lifetime under variable amplitude fatigue loading in the end. 
 
Chapter 8 Discussion: This chapter provides a discussion of the results presented in the 
preceding chapters. 
 
Chapter 9 Conclusions and future work: This chapter presents the major conclusions from all 
the work and proposes future work that can be carried out in this area of research. 
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CH AP TER 2 LI TE RAT UR E R EVI E W 
 
2 . 1 INT ROD UCT ION 
 
This chapter has three parts. In the first part, a brief insight into different types of adhesion, 
some of the main application of adhesive joints, the fundamentals of fatigue loading and their 
significance in adhesive joints are given. The second part of the chapter deals with a review of 
different types of destructive and non-destructive techniques available to characterise the 
internal damage in a bonded system under different types of loading conditions. In the last 
part of the chapter, different types of lifetime prediction methodologies are discussed. These 
methodologies are grouped into different categories and are critically compared with each 
other on the basis of their advantages and disadvantages. 
 
 
2 . 2 AD HES IV E B ON D I NG 
 
Adhesives have been used since ancient times. The first evidence of use of adhesive by 
humans was found in Koeningsaue in the Harz Mountains from approximately 80,000 years 
ago. The residue of an adhesive substance was detected, which after analysis was found to be 
derived from processed birch pitch (Koller, et al., 2001). An extensive survey into the 
chronology of adhesives and adhesion can be found in Fay, (2005).  Adhesive bonding, either 
alone or in combination with other joining techniques represent one of the revolutionary 
developments in the history of the science of joining. An adhesive can be defined as a 
material that can be applied to surfaces of two or more similar or dissimilar materials and join 
them together to prevent them from separation (Tong and Steven, 1999). The materials to be 
joined are called adherends or substrates. Adhesives can be classified in variety of ways. For 
example,  one  of  the  broadest  classifications  states  that  adhesives  can  be  considered  as 
synthetic and naturally constituted origin (McGuire, 1962). They can also be classified as 
structural and non-structural adhesives.  Structural adhesives are mostly used in heavy duty 
applications  and  the  adhesive  bonding  can  bear  heavy  loading  whereas,  non-structural 
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adhesive bond cannot bear heavy loads. Some of examples for non-structural adhesives are 
reclaimed rubber, natural rubber and synthetic organic rubbers (Minford, 1993, Petrie, 1999). 
Some of the most widely used structural adhesives are synthetic polymer based. For example, 
the adhesive used in this project, which is widely used in the aircraft industry, is an epoxy 
based polymer with rubber toughening. 
 
 
2 . 3 BA S IC C ON CEP T S O F F AT IG UE L OA D ING 
 
Fatigue loading is commonly experienced in almost all structures. Fatigue loading can be 
defined as the repeated application of cyclic loading on a structure with a certain frequency. A 
fatigue loading spectrum can be characterised by many parameters and some of the important 
parameters are shown in Figure 2-1. In this figure the maximum load is designated as Lmax and 
the minimum load is designated as Lmin. The load ratio, which is designated as R, is defined as 
the ratio of minimum to maximum load in a fatigue cycle. Frequency is defined as the number 
of cycles applied per unit time. Some of the other important parameters used to characterise 
the fatigue loading spectrum are the mean load level and the amplitude of the cycle. When the 
amplitude of a fatigue loading spectrum remains constant, then such a spectrum is termed 
constant amplitude fatigue spectrum. Generally, all the other parameters such as frequency 
and load ratio also remain constant for a given constant amplitude fatigue spectrum and this is 
also the case in this project. 
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Figure 2-1 Fatigue loading – basic concepts. 
 
 
A complex loading spectrum consists of a change in some or all of the parameters seen either 
at definite intervals of time or at indefinite intervals. When the changes are seen only at 
definite discrete intervals of time, such loading spectra are called block loading spectra. A 
typical example of a block loading spectrum is given in Figure 2-2. Here, the mean load and 
the frequency are changed after every 5 cycles. When the amplitude is varying in a given 
spectrum, then such a fatigue loading spectrum is called variable amplitude fatigue loading 
spectrum. 
 
 
 
 
 
 
Lmean2 
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Figure 2-2 Complex block loading spectrum. 
12  
2 . 4 DAM AGE CH AR A CT ER IS AT IO N T ECH N IQUE S 
 
 
2 . 4 . 1 INT RO DUCT ION 
 
Damage  can  be  characterised  both  in-situ  and  after  the  final  failure.  In-situ  damage 
monitoring is more important as it can help in gauging the health of a system under service 
loading environments. This is the reason that damage monitoring has gained importance in 
both industry and academia. Whilst, post fracture characterisation of the damage can give 
considerable information about the mechanism of failure, which can be used for the better 
design of a structure, an in-situ analysis of the damage can avoid a catastrophic failure of the 
structure. In-situ damage monitoring does not need the specimen or the structure to be 
destroyed to see the damage, and, hence, it is also called non destructive testing. Such 
techniques are useful in structural adhesives, where an early indication of damage is needed 
due to the brittle nature of the fracture. 
 
A broad classification of different types of damage and different types of damage monitoring 
techniques is given in Adams and Cawley, (1988). In this paper they provide a summary of 
the non destructive testing used until 1988 for different types of damage to both composites 
and adhesives. From their review it can be said that the non destructive testing used for both 
composites and bonded joints, can be broadly classified as utilising acoustic emission, 
radiography,   eddy   currents,   thermography,   holography   and   low   frequency   vibration 
techniques.  It can be seen from some of the recent work on damage monitoring on bonded 
joints that the ultrasonic technique, which is non-destructive in nature, has been most widely 
used (Ducept, et al., 2000, Magalhaes and Moura de, 2005, Santulli, et al., 1997, Tang, et al., 
1993). However, this is different to the acoustic emission technique, which is a destructive 
technique. Apart from these techniques, optical measurement techniques have also gained 
importance owing to their accuracy in measuring damage or cracking in a structure. A review 
of different optical techniques for multidimensional and out of plane measurements is given 
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in  Alain  and  Sylvain,  (2003).  They  concluded  that  though  there  are  optical  techniques 
available to measure strain patterns in various dimensions; they are not suitable for out of 
plane measurements. These techniques have also been applied to bonded joints for static 
strain measurements. For example, Ruiz, (2006) used this technique to measure the residual 
strain for double lap joints. Some promising results showing strain patterns for damage in the 
adhesive can be seen in this reference. However, the technique becomes more complex for 
joints having considerable rotation. It can be seen that there is a vast amount work conducted 
in the field of non destructive testing for damage monitoring. However, there is little work 
characterising damage in bonded joints under loading such as fatigue loading, using any of 
the techniques listed above. This may be due to the complexity involved in adapting the 
techniques for fatigue loading and the costs involved in setting up the apparatus. Inexpensive 
techniques such as backface strain (BFS) measurement have recently received increasing 
attention. In this project the characterisation of damage under fatigue loading was carried out 
using the BFS technique. For this reason a detailed review of the usage of the BFS method for 
damage characterisation is given in the next section. 
 
 
2.4.2 BF S T ECH N IQU E F O R IN -S IT U DAM AGE CH ARA CT E R IS A T IO N 
 
The BFS measurement technique employs multiple strain gauges over the back faces of a 
structure to monitor the strain pattern during loading. A good example of using BFS to 
characterise crack length can be seen in Maxwell, (1987). Strains were calculated over the 
backfaces of the specimens using finite element analysis (FEA) for various crack lengths. 
These strains were related to the crack length-to-width ratio (a/w ratio) and also the 
compliance. These strains were then compared with the experimentally determined strains for 
the compact tension specimens as shown in Figure 2-3 for different visible crack lengths. 
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Figure 2-3 BFS measurement on compact tension specimen (Maxwell, 1987). 
 
 
 
A similar approach can also be found in Riddell and Piascik, (1994), where, a/w ratio was 
related  to  the  stress  intensity  factor  determined  via  the  J-integral.  The  a/w  ratio  was 
determined from the crack mouth opening using: 
 
 
a  = O 
 
+ O u 
 
+ O u 2 + O u 3 
 
2-1 
w 0 1   o 2   o 3   o 
 
 
where, Oi (i =0,1,2,3) depend upon the gauge location over the backfaces and are determined 
 
experimentally. And the non-dimensional crack mouth opening is defined by: 
 
 
−1 
 1/2  uo  = [Eνb / P] + 1 2-2 
 
where, E, ν and b are the elastic modulus, Poisson‟s ratio and the width of the specimen 
respectively and P is the applied load. The difference between this approach and the approach 
used by Maxwell, (1987) is that in this approach the BFS was used to determine the crack 
length under fatigue loading and in the other approach the BFS was used under quasi-static 
loading. Further usage of BFS can be seen also for disk shaped compact tension specimen by 
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Gilbert, et al., (1994). They compared crack length measurements with their FEA results and 
concluded that precise gauge placement is only critical when the crack tip closely approaches 
the back of the test specimen. This is, however, was in contrast to the earlier approach by 
Riddell and Piascik, (1994), where the a/w ratio was dependent upon gauge location. One of 
the  important  aspects  of  fatigue  crack  growth,  the  crack  closure  effect,  was  also  not 
considered in their approach. However, some of the very early approaches considered the 
crack closure effects (Frandsen, et al., 1974). In this work they also made a comparison of 
BFS approach with the acoustic approaches. Shaw and Zhao, (1994) have also included 
corrections for crack closure, in addition to other effects, such as curvature and plastic zone 
size, on their experiments with aluminium compact fracture toughness specimens. They used 
BFS to measure the crack length under fatigue loading.  Application of the BFS technique to 
bonded joints was carried out by Imanaka, et al., (1995). In their experiments to determine the 
fatigue strength of combined adhesive/riveted joints they used the BFS method to characterise 
the fatigue crack initiation and propagation phenomena. They plotted normalised BFS 
measured during fatigue loading against the normalised number of cycles-to-failure for both 
adhesive only and combined joints and proved that the latter had more gradual fatigue crack 
propagation than adhesive-only joints. Their BFS measurement results are shown in Figure 
2-4. It can be seen here that for the adhesive-only joint the increase in BFS is much lower 
than for the combined joint. They concluded that for adhesive joints the crack starts only 
towards the end of the fatigue life. However, this conclusion cannot be regarded as valid until 
a much detailed study inside the adhesive is carried out.  A similar usage can also be seen by 
some other researchers such as Lefebvre, et al., (1999). They used BFS to determine the 
number of cycles to crack initiation, Ni, for wedge shaped bi-material specimens. This is 
shown in Figure 2-5. Their results give a good insight into the role of BFS in determining the 
crack initiation period in adhesive joints. However, this result cannot be generalised as this 
behaviour may differ for different types of adhesive joint. 
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Figure 2-4  BFS measurement (a) adhesive only and (b) combined joint (Imanaka, et 
al., 1995). 
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Figure 2-5  BFS measurement for the wedge test specimen (Lefebvre, et al., 1999). 
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Zhang, et al., (1995) used the BFS measurement approach on steel single lap joints (SLJs) and 
concluded that the crack initiated in the fillet, as also seen by Crocombe, et al., (2002). They 
found that samples without fillets had a reduced fatigue life compared to those with fillets and 
attributed this to a reduction in the initiation phase in the former. They also showed how the 
BFS measurements were sensitive to the location of the strain gauges and the gauge length 
and they proposed an optimum gauge length and position for the strain gauge with the SLJs. 
 
 
 
 
d = 1 (S1) d = 2 (S1) 
 
 
d = -1 (S2) 
 
d = -2 (S2) 
 
 
d = 0 (S1) 
 
d = -1 (S1) 
 
d = -2 (S1) 
 
d = 0 (S2) d = 1 (S2) 
 
 
 
 
 
 
d = 2 (S2) 
 
 
 
Crack length [mm] 
 
Figure 2-6 Variation of BFS with crack length for various gauge locations (Crocombe, et 
al., 2002). 
 
 
 
In the study by Crocombe, et al., (2002) 2D FEA was also carried out on various SLJ models 
without fillets. They concluded the optimum location to achieve maximum sensitivity for BFS 
under certain fatigue damage in the adhesive is 1mm inside the overlap, with a strain gauge 
length equal to 1mm.  As can be seen from Figure 2-6, maximum strain sensitivity is seen for 
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the curve where d = 1 (S1). Here, d =1 represented the gauge located inside the overlap and 
 
S1 represented the loaded adherend. This is shown in Figure 2-7. 
 
 
 
Strain gauge 
 
0  1 Backface 
d 
 
 
S1 a 
 
 
S2 
 
 
 
 
 
Figure 2-7 Showing gauge location where d is +ve inside the overlap (Crocombe, et al., 
2002). 
 
Crocombe, et al. (2002) sectioned many joints to ascertain the presence of crack or damage 
that resulted in the observed change in the BFS. They concluded that BFS measurement 
provides an effective means of measuring (a) crack thresholds and (b) crack and damage 
propagation rates in bonded structures under fatigue loading. However, taking into account 
the different crack growth behaviour present in bonded joints, and also the 3D nature of the 
crack growth, a more detailed study is required to ascertain the corresponding change in the 
BFS under fatigue loading. 
 
Overall, it can be seen that the BFS technique has been used successfully to deal with in-situ 
damage monitoring under fatigue loading in bonded joints. Also, it was found that the 
technique is inexpensive when compared with alternative techniques as discussed previously. 
Hence, the BFS technique was chosen in this project to characterise the damage under fatigue 
loading and a detailed study was undertaken involving different types of crack progression. 
To validate results from BFS measurements, 3D FEA correlation was carried out. This is 
discussed in detail in Chapter 5. 
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2 . 5 L IF ET IM E P RE D IC T IO N UND ER F AT IG U E LO AD IN G 
 
As discussed in the previous section, fatigue loading is seen in almost all structures and 
hence, lifetime prediction has been subject of extensive research. Numerous methodologies 
have evolved as a result this research, which can be broadly categorised as those which are 
based on the fatigue life criterion and those which determine the fatigue on a cycle-by-cycle 
basis viz. cumulative damage models. In the earliest of fatigue lifetime prediction models 
proposed by Goodman or Soderberg (Goodman, 1899, Soederberg, 1939), static load limits 
such as yield and ultimate strengths of the materials were used as inputs into the fatigue life 
criteria to determine the fatigue load at failure. Some of the early prediction methods under 
fatigue loading used stress based criteria (Lawrence Wu, 1993) or strain energy density 
criteria (Reifsnider, 1986) to determine the fatigue load at failure.  The benefit of using these 
models is that they can give a rough estimate of the fatigue life quickly. However, a cycle-by- 
cycle analysis of the failure mechanisms due to fatigue loading cannot be achieved by these 
methods. This is important when a more detailed study of the fatigue failure mechanism is 
needed. Methods that predict lifetime based on cycle-by-cycle analysis of failure are termed 
“cumulative damage” models. In this case, a Woehler curve (also called as S-N curve) is used 
to define the fatigue damage under cyclic loading.  This curve defines the maximum fatigue 
stress applied as a function of number-of-cycles to failure.  As in this project, the prediction 
techniques developed are based upon cumulative damage models, a detailed literature survey 
into cumulative damage models, was carried out as detailed in sections 2.5.1 to 2.5.3. They 
are grouped into three basic categories namely: 
 
1) Palmgren-Miner rule based models; 
 
 
2) strength degradation based models, and; 
 
 
3) progressive damage models. 
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2.5 .1 P A LM GR EN -M INER RUL E B AS E D M ODEL S 
 
These models constitute some of the early prediction techniques and are still used in industry 
due to their simplicity of treating fatigue damage on a cycle-by-cycle basis. This concept was 
introduced by Palmgren, (1924) and developed by Miner, (1945) in the mid 1940s to predict 
lifetime under fatigue loading. According to this rule the fatigue damage can be defined as the 
ratio of number of cycles applied Ni  to the number of cycles-to-failure Nf  at that particular 
fatigue load from a S-N diagram. This ratio is given in eqn. 2-3 : 
 
 
 
DPM 
Nb 
= Ni Nf 
 
2-3 
i=1   
 
 
where, Nb is the number of loading blocks. The number of blocks of loading required to make 
the DPM  = 1 determines the life of the structure under fatigue loading.  As can be seen, the 
model is simple, linear and can be easily applied for a given block loading spectrum. Hence, it 
can be applied to all kinds of materials given an experimentally determined S-N curve for the 
material. However, given a situation where load interaction and sequencing effects play a 
significant role in fatigue damage, the Palmgren-Miner rule tends to give erroneous results. 
This is  because  the  increased  or  decreased rate  of damage  produced  due  to changes  in 
different parameters, such as mean load level, load ratio, frequency are not accounted for in 
this model. In addition, this approach does not have the ability to calculate the remaining life 
in  the  structure  given  a  damaged  or  cracked  structure.  Hence,  a  series  of  different 
modifications have to be carried out to rectify some of the shortcomings of this rule. These 
include: dealing with load interaction effects and crack initiation and propagation in different 
materials during fatigue lifetime. 
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2.5.1.1 L OA D INT ERA C T ION EF F E CT S 
 
 
Load interaction effects are caused by changing one more variables used to define a fatigue 
loading spectrum. For example, by changing the mean load level as shown in Figure 2-2, the 
damage or crack growth for a structure can be accelerated or decelerated. This is the case in 
most applications, where it is highly unlikely that the structure would be subjected to constant 
amplitude fatigue loading. Hence, the Palmgren-Miner rule has to be modified to account for 
load interaction effects. Marco and Starkley, (1954) were probably the first people who 
incorporated the load interaction effects by using a series of damage curves for different 
fatigue loads. The Palmgren-Miner rule was modified by defining the damage as a power law 
function of the cycle ratio. The damage was defined as: 
 
 
Nb    N  
x 
D = ∑    i    
i=1  Nf   
2-4 
 
where, x is the power law constant used to define different damage curves. Whenever a new 
load level is introduced, the damage calculation for the new loading block was made by 
shifting to the new damage level on the damage vs. cycle ratio graph. In this way the variation 
of damage was made non-linear with respect to fatigue loading. However, this model did not 
account for other variables, such as frequency or load ratio, which also exist in a given load 
history graph. Also, to use this model effectively, many experimental results are required for 
different fatigue loading levels, to incorporate the load interaction effects.  In a different 
approach, Corten and Dolon, (1956) used S-N curves and a shift in the load level was dealt 
with by turning the curve in a clockwise direction about a pivot defined on the original S-N 
curve. The damage was calculated for the shifted load level using the turned S-N curve. The 
point of rotation corresponded to the highest loading level of the variable amplitude fatigue 
loading spectrum. This approach seems to be simple compared to the approach used by Marco 
and Starkley, (1954), as this does not need separate experiments for different load levels. 
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  
Similar approaches were also proposed later by Freudenthal and Heller, (1959) and Manson 
and Halford, (1986) by proposing different points of rotation independent of fatigue loads. 
 
An equivalent cycle approach was used by Marin, (1962), who assumed an equivalent number 
of cycles at a reference level, ζ1, that would produce the same damage as Ni  cycles of 
operation at a stress level of ζi. This can be expressed as: 
 
 
y 
 σ   N  = N i
 
2-5
 
e i  σ  
 
   1  
 
 
where, y was determined experimentally. For each loading block in the fatigue loading 
spectrum the damage ratio was calculated with the effective number of cycles in place of the 
applied number of cycles in the Palmgren-Miner damage ratio. The specimen was assumed to 
fail when this damage ratio becomes unity. Marin, (1962) further changed the model by 
defining a suitable relation to the S-N curve as: 
 
 
σx N = k 2-6 
 
 
Eqn. 2-6 is used to calculate the effective number of cycles-to-failure for different levels of 
fatigue loads in a complex loading spectrum. The power for the effective number of cycles-to- 
failure is defined as: 
 
 
q = y − x 2-7 
 
 
and the damage ratio was calculated as: 
 
 
q 
n1  + n2  
 σ2  
 
+ ..... = 1 
 
2-8 
N1 N2  σ1  
 
 
It can be seen from eqn. 2-8 that when q=0, it reduces to a simple Palmgren-Miner rule. In 
this way this can be applied effectively in the cases where the damage is non-linear as well as 
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the cases where the load interaction effects play a significant role in determining the fatigue 
life. However, such an approach does not describe the situation when the fatigue life consists 
of different phases of both crack initiation and crack progression. It is not definitely defined in 
all the modifications of Palmgren-Miner rule discussed so far, as to what constitutes the final 
failure of the specimen when the damage ratio equals unity. Hence, better modifications were 
introduced to consider different phases of crack progression in the fatigue life. The double 
linear damage rule by Manson, et al., (1961) is one such approach, where different phases of 
crack progression, in addition to the load interaction effects, were used.  In this approach, the 
damage curve is divided into two linear regions and they are adjusted according to load 
sequencing. They defined a constant P in their double linear damage rule equations, which 
can be used to separate the crack initiation and propagation phases. They defined the crack 
propagation period as that given in eqn. 2-9 as: 
 
 
∆Nf  = PN
0.6
 2-9 
 
 
The value obtained from this equation was subtracted from the total fatigue life to obtain the 
propagation phase of the total fatigue life. However, the difficulty with this approach is to 
find the value of P that simulates the failure mechanism under variable amplitude fatigue 
loading. A better formulation of the double linear damage rule was made later by Manson and 
Halford, (1981) and Manson and Halford, (1986). They accounted for early crack growth by 
using an early crack growth length parameter ao, and derived a series of damage curves for 
different lives as shown in Figure 2-8 . The lifetime under different load sequencing effects 
was accounted for by shifting from one curve to the other depending upon the load levels. In 
these approaches, the non-linearity of damage with respect to the number of applied cycles 
was considered. The formulation for the non-linear damage used by these authors is given in 
eqn.  2-10. 
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Figure 2-8 Damage curves derived from eqn. 2-10 for different fatigue lives (Manson 
and Halford, 1986). 
 
 
 
In Figure 2-8, a (shown as ao in Figure 2-8) is the crack length and N is the applied number of 
cycles and Nf is number of cycles-to-failure. Cumulative damage models have also been used 
for predicting lifetime under random fatigue loading (Alawi and Shaban, 1989, Sobczyk and 
Trebicki, 1990), however, these approaches are not based on the Palmgren-Miner rule. In this 
project no stochastic loading was considered, hence detailed literature review on random 
loading has not been carried out. 
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2.5.1.2 S UMM AR Y OF P ALM G REN -M INE R RULE BA S ED M ODE L S 
 
 
The Palmgren-Miner rule defined a simple damage parameter for fatigue lifetime prediction 
using a linear cycle ratio approach. Such a parameter, however, does not account for non- 
linearity of damage, load interaction effects and load sequencing effects. Marco and Starkley, 
(1954) proposed a series of non linear damage curves by defining a power law type 
relationship  between  the  damage  parameter  and  cycle  ratio.  They  also  induced  load 
interaction effects. In a different approach, a linear S-N curve was turned in a clockwise 
direction at certain pivot points to account for load interaction effects (Corten and Dolon, 
1956, Freudenthal and Heller, 1959, Manson, et al., 1961). These pivot points were chosen 
depending upon the maximum load of the spectrum. An equivalent cycle approach was used 
by defining a power law type of relationship for cycle ratio by Martin and Sage, (1986).  The 
approach converged to the approach by Corten and Dolon, (1956) and Palmgren, (1945) 
respectively for different values taken for certain parameter in the relation. 
 
Different phases of crack progression, which were not taken into consideration by any of the 
approaches discussed, so far, were accommodated in a double linear damage rule (Manson, et 
al., 1961) and later used with a damage curve approach (Manson and Halford, 1981). On the 
whole, the models based on the Palmgren-Miner rule tend to over simplify the whole fatigue 
failure process, without giving any importance to the phenomena involved in failure. This is 
important, especially in the cases of composite or polymeric materials, wherein the overall 
failure of the material is a result of the contributions of the constituents of the material. A 
much closer look into the failure prediction can be carried out using stiffness or strength 
degradation approaches. This is discussed in the next section. 
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2 . 5 . 2 S T REN GT H A ND S T IF F N ES S DEG RA D AT ION 
 
Many models were proposed based on degradation during fatigue cycling, a detailed review 
of these models can be found in Degriek and Van Paepegem, (2001). The phenomena of 
strength  and  stiffness  degradation  strongly  depend  upon  the  type  of  loading,  material 
properties and also the rate at which the load is being applied. Hence, the degradation can 
either be sudden towards the end of the life, or, a gradual decrease throughout the lifetime of 
the structure. This can be characterised in a material as stiffness or strength degradation.  The 
application of either of these phenomena for lifetime prediction chiefly depends upon whether 
or not the failure in the material is caused by any of these phenomena. Stiffness degradation is 
mostly a localised phenomenon in the damage region, until the damage or crack propagates 
through a considerable portion of the material, especially in the case of metals. This may 
change, however, in composite materials, wherein multiphase material damage exists as 
measured by Adams and Bacon (1976). This can induce degradation of the overall stiffness of 
the material. Hence, a variety of lifetime prediction models can be seen, where stiffness 
degradation has been used in a phenomenological way (Hahn and Kim, 1975, Hwang and 
Han, 1986a, Hwang and Hang, 1986b, Sidoroff and Subagio, 1987, Vieillevigne, et al., 1997). 
Also, there are cases wherein, these models were implemented effectively in a finite element 
program (Van Paepegem and Degrieck, 2000, Van Paepegem and Degrieck, 2001, Van 
Paepegem and Degrieck, 2002a, 2002b). Most importantly, there are cases when these models 
were also used to predict lifetime under variable amplitude fatigue loading (Broensted, et al., 
1997a, 1997b, Lee, et al., 1996). The main advantage of using stiffness degradation models 
over strength degradation models is that stiffness degradation experiments are mostly non- 
destructive or semi-destructive. However, the disadvantage of using a stiffness degradation 
approach is that it is not possible to apply these models when there is no actual stiffness 
degradation with respect to the number of cycles. In this project, for adhesive joints, strength 
degradation was used for lifetime prediction as a more gradual decrease in the strength was 
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found as compared to stiffness, which degraded significantly only towards the end of the 
fatigue life. This is discussed in more details in Chapter 5.  A detailed literature review for 
strength degradation models is given in the next section. 
 
 
2.5. 3 S T REN GT H DE G RAD AT IO N M O DELS 
 
The degradation of strength during fatigue cycling is a macroscopic phenomenon which can 
be considered to predict the fatigue lifetime of structures.  The models proposed based on this 
phenomenon can be divided into two categories viz., sudden death models and wearout type 
models. In the case of sudden death models, there is no reduction in the strength until near 
failure, where a sudden decrease in the strength occurs, which gives rise to fast crack growth. 
This can be seen mostly in brittle materials, where there is little plasticity involved prior to 
final failure. In the wearout type of models, the strength reduces more gradually throughout 
the fatigue lifetime. These models are common in ductile materials, where considerable 
plasticity exists ahead of the crack tip. Wearout type models represent the decrease in or rate 
of decrease in strength with respect to the number of cycles. For example, Yang and Jones, 
(1981) proposed the following residual degradation curve for composite materials: 
 
 
(S(N))Θ  = (S  )Θ − (Su ) 
Θ − σΘ 
 
Zσb N 
 
2-11 u c c (Su )  − σ  
 
 
where, S(N) is the residual strength, N is the number of cycles, ζ is the maximum cyclic 
 
stress, Θ is a fatigue load dependent parameter and, c is defined as: 
 
 
c =  α 
αf 
 
2-12 
 
 
where, α and αf are the shape parameters for ultimate strength and the fatigue life respectively. 
Z is defined as: 
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b 
Z = 1 
Nf σ
t1
 
 
2-13 
 
 
where, Nf is the number of cycles-to-failure, t1 is a constant defined for the S-N curve and ζ is 
the maximum stress applied. Similar approaches were used, however, with different equations 
for the strength degradation by many other authors (Hahn and Kim, 1975, Hahn and Kim, 
1976, Halpin Jc and Johnson, 1975, Schaff and Davidson, 1997). However, these models 
were not applied for loading situations consisting of different load interaction and sequencing 
effects. A most comprehensive study on load interaction effects was carried out by Erpolat, et 
al., (2004b), where they changed the Schaff‟s (Schaff and Davidson, 1997) model to 
incorporate load interaction effects for bonded joints under variable amplitude fatigue.  They 
assumed linear strength degradation during the fatigue cycling. Strength reduction was broken 
into two components namely; reduction due to the mean load change, and, the reduction due 
to the cycles above the fatigue limit. A strength degradation parameter was proposed as: 
 
 
∆L   = j (∆L ) j1Lmax (∆Lmax,1 / ∆Lmean ,1 ) + (∆L ) j2 Lmax (∆Lmax,2 / ∆Lmean ,2 ) + ..... + B 1  mean,1 mean,2  
 Lu 
 
− LOL1 + 
Lu − L  
..... 
2-14 
  
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The number of blocks to failure was calculated using: 
 
 
N  = 
Lu  − Lmax 
∆LB 
 
2-15 
 
 
where, Lu is the quasi static strength, Lmax is the maximum fatigue load, ΔLmean and ΔLmax are 
the maximum and mean load changes during the transition, LOL and Nf, OL are the maximum 
load of the cycle and the corresponding cycles-to-failure to this cycle. The constants j1 and j2 
are determined from experiments. The assumption that strength decreases linearly which is 
made  in  this  approach  was  not  experimentally  validated.  This  makes  the  approach 
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hypothetical in nature.  One of the other important techniques that were used by many authors 
was to define the residual strength as possessing a statistical nature with respect to number of 
cycles. For example, stress-strength interference reliability modelling approaches use the 
stochastic nature, both in loading and in strength degradation. In one study in which the 
fatigue reliability of ceramic bodies was determined, Franz and Lewis, (1991) proposed a 
model to predict the probability of failure as: 
 
 
σmax 
p =  ∫ 
σmax 
fσ  (σ) 
 
fs (S)dSdσ 
 
2-16 
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where, fζc  (ζ) and fs (S) are the probability density functions for stress and strength for a crack 
in the ceramic material respectively. The strengths for the cracks were determined using 
deterministic values for the stress intensity factors. A Weibull distribution parameter was set 
to these values to obtain the probability density function, which can then be used in eqn. 2-16. 
They  applied  this  equation  to  the  sudden  crack  growth  phenomenon  initially  and  later 
modified it to incorporate the fatigue crack growth phenomenon, known as the “delay crack 
growth”.  They used a power law type of crack growth relationship in a probability density 
function for the strength, fs  (S) (Franz and Lewis, 1992). They derived the time dependent 
strength as: 
 
 
 
S (t, σ) = σ 1 + 1 σ2 t 
 
1 
(n −2)  
2-17 i  B 
 
  
 
 
where, B is defined as: 
 
 
B = 2 
(n − 2)Ay2 Kn−2 
 
2-18 
 
 
where, KIC is the fracture toughness of the material and n and A were obtained from fatigue 
experiments, t is the time and y is the constant that depends on crack length a. The expression 
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in  eqn.  2-17,  has  a  time  dependency  and  the  strength  of  a  crack  in  a  material  can  be 
determined for a particular point of time (or cycle). When the total strength in the material, as 
defined by the cumulative density function of the strengths of each crack, determined via 
eqn.2-17, reaches the maximum applied stress in fatigue, the material was assumed to fail. A 
similar approach was used in a more refined manner by Wei and Askin, (2004). 
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Figure 2-9 Stress-strength interference approach applied for strength degradation for 
ageing (Wei and Askin, 2004). 
 
Wei and Askin, (2004) proposed a generic stress-strength interference reliability model to 
consider stochastic loading and strength ageing degradation.  A representation given by them 
on the stochastic nature of loading and the strength is interesting. This is presented in Figure 
2-9. They derived the expressions for both deterministic and stochastic strength ageing 
degradation. For the deterministic strength ageing, they found the stress-strength interference 
reliability given by: 
 
 
 
 
r(t) = e 
t 
− ∫ pF ( t ).λ( t ).dt 
0 
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where,  r(t) is the reliability, pF(t) is the failure probability and λ (t) is the intensity of Poisson 
 
probability distribution. For the stochastic process the reliability was deduced using Baye‟s 
 
law for continuous probability as: 
 
 
 
 
r(t) = 
t 
− ∫ PF ( τ).λ ( τ).dτ 
∫ e 0 
c 
 
 
.fC (c).dc 
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where, c is an event at a particular point of time, and fC(c) defines the density function for the 
loading for an event c. They tested the model by considering different cases for the stochastic 
nature for both residual strength and the applied load. The reliability function determined 
using a single random variable (c) and for double random variables (c1and c2) are shown in 
Figure 2-10. 
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Figure 2-10 Reliability function with (a) single random variable and (b) double random 
variables (Wei and Askin, 2004). 
 
 
They showed a wearout type of tendency when the single random variable was considered 
and a sudden death type of tendency when two random variables were considered 
independently. The approach, however, needs simplification to apply in a practical domain. 
A combination of statistical techniques and residual strength measured for the prediction of 
fatigue life was proposed by Diao, et al., (1995) for composite materials. They used the 
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representative element technique, whereby they divided elements into two types, namely; 
critical elements, the elements which fail due to the reduction in the static strength, and, sub- 
critical elements, that are used for damage accumulation. Figure 2-11 shows the difference in 
these two types of elements. A two-parameter Weibull distribution was used for the residual 
strength and the stress redistribution phenomena on the critical and sub-critical elements. 
Using the density functions derived for both type of elements, the residual strength and 
fatigue life of the composite were deduced. The probability distribution for residual strength 
with respect to number of cycles over an element was given by: 
 
 
 
f (σ , N)dσ  = hχ (N)  α 
 σr 
 
 
α−1   σ  
χ N 
h γ (N) + A a 
(α −χ) / χ 
 
h χ (∆N)dN 
 
1 r r      
   ∫ 
 r     1  
 α 
 α / χ  N  
exp −  σr 
 
hχ (N) + A 
 σa  
 
h χ (∆N)dN  
 
    
       
   ∫  
 r     1    
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Figure 2-11 Critical and sub critical elements for representative element modified after 
(Diao, et al., 1995). 
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where, ζr  is the residual load in stress units, N is the number of cycles and dN is the cycle 
increment.  ζa  is  the  applied  stress  amplitude,  α  and  β  are  the  parameters  for  Weibull 
probability distribution, A and χ are the dimensionless parameters determined through 
experimentation.  The  residual  strength  for  the  entire  laminate  was  calculated  using  an 
averaging technique over the elements as: 
 
 
 
∞ 
σr  = ∫ σr f1 (σr , N )dσr 
σa 
 
 
2-22 
 
 
where, σr is the average value of residual stress over the laminate.  This technique, however, 
 
does not include factors such as stress redistribution, multi-axial stress states and also 
interaction effects under variable amplitude fatigue. In a more advanced implementation a 
prediction for strength degradation was carried out using static progressive damage modelling 
for CFRP laminates by Tserpes, et al., (2004). In this paper, the laminates were fatigued by 
decreasing  the  material  properties  and  after  certain  cycles  the  residual  strength  was 
determined by failing the laminate by various material failure models available for composite 
materials. This approach is a typical progressive damage modelling technique. This is vital in 
any lifetime prediction method as degradation of strength is an early indication of catastrophic 
failure of the structure. 
 
 
2 . 5 . 3 P R OG RES S IV E DA M A GE M O DELS 
 
In previous sections, fatigue damage was correlated with either macroscopic parameters such 
as strength or stiffness or calculated directly as a simple function of the cycle ratios in the 
fatigue spectrum. Changes in macroscopic parameters during crack growth were taken as a 
measure of the damage. Although this gives a reasonable idea of the damage progression, a 
generalised method cannot be formulated on this basis as the parameters depend highly on 
material, sample geometry and loading conditions. It is highly desirable to study damage 
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progression in more detail and to try to relate this to a more generalised damage parameter. 
The strain energy release rate, J-integral and the stress intensity factors are some examples of 
such parameters. Some of the models that will be discussed here relate the damage more 
closely to the microscopic rather than macroscopic level. The size of the crack is initially the 
microscopic defects present in the material in the microscopic approach. The formation of a 
macro  crack  from  micro  cracks   can  also  be  accounted  for  in  such  models,  thus 
accommodating an initiation phase prior to macro-crack growth. A more thorough 
implementation of the constitutive fatigue behaviour can be seen in these models.   As a 
whole, this section is divided into two categories, namely; crack propagation based lifetime 
prediction, and, damage initiation based lifetime prediction. 
 
 
2.5.3.1 CRACK PROPAGATION BASED MODELS 
 
 
To assess the life of a structure containing a crack, it is necessary to determine how fast, and 
in what direction, the crack propagates under various loading conditions. Fatigue lifetime 
prediction can be based on stress, strain or energy based parameters. The stress or strain based 
parameters  are  normally  presented  in  terms  of  stress  intensity  factors  (K  or  ∆K)  the 
differential stress intensity factor, and the energy based parameters are expressed as strain 
energy release rates, (G or ∆G) the differential strain energy release rate.  Both elastic and 
elastic-plastic response of the structure can be accommodated in a fracture mechanics based 
method. Linear elastic fracture mechanics is concerned with macroscopic linear behaviour 
and plasticity at the crack tip is ignored, whereas, in non-linear fracture mechanics, elastic- 
plastic behaviour is accomodated. Before discussing the lifetime prediction models using 
fracture mechanics, a brief introduction into the fundamentals of linear and non-linear fracture 
mechanics are given. 
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LINEAR ELASTIC FRACT URE MECHANICS 
 
 
There are two approaches for predicting brittle fracture under predominantly linear–elastic 
conditions. The first is based on energy balance, which establishes the necessary energy for 
fracture and the second is based on the crack tip stress intensity factor. 
 
 
ENERGY BALANCE APPROACH 
 
 
An energy centred approach was first proposed by Griffith, (1921).   In this section the 
explanation given by Ashok, (1998), for Griffith‟s approach is taken as this gives a much 
clearer  idea  of  the  theory  behind  linear  elastic  fracture  mechanics.  The  energy  balance 
equation for the body shown in Figure 2-12 subjected to a load P is given by: 
 
 
• • • 
W = U+ KE + 2ϖs A 
 
2-23 
 
 
where W is the work performed by the external loads, U is the sum of increase in the elastic 
 
energy, of the cracked body Ue, and the energy required to perform the work of plastic 
 
deformation, Up. KE is kinetic energy of the body,  ϖs is the energy per unit surface area 
 
required to extend the crack and A is the area of the crack. The dot over each term indicates 
variation  with  respect  to  time.  Variation  with  respect  to  time  can  be  considered  in  the 
following fashion: 
 
 
∂ ∂A  ∂ •     ∂ A 
∂t ∂t  ∂A ∂A 
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Figure 2-12 Cracked body (Ashok, 1998). 
 
 
 
substituting this in eqn. 2-23 we obtain: 
 
 
∂W 
= 
∂Ue  + 
∂Up  + 2ϖ 
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∂A ∂A ∂A s 
 
 
 
by taking 
∂U p 
∂A 
 
as 2 ϖp 
 
the equation above can be rearranged as: 
 
 
∂  (W − U ) = 2ϖ 
∂A e 
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where,  ϖ = ϖs + ϖp . If we consider that the crack size increases by an amount equal to ∆a 
 
under the conditions of fixed grips, the incremental work ∆W =0 and thus: 
 
 
∆U  = =d
  1 Pu  b∆a
  
2-27 e bda  2 
 
  
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where, b is the thickness of the body and P and u are the load and deflection respectively from 
 
the linear region of the load–defection curve. The strain energy release rate can be defined as: 
 
 
G = − ∂Ue 
∂A 
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1 ∂U P2  dC 
G = e  = 
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b  ∂a 2b da 
 
 
where, C is the compliance of the material in the linear elastic region. 
 
 
 
STRESS INTENSITY PARAMETER APPROACH 
 
 
In the case of monolithic materials, in crack-opening mode I, the crack surfaces separate 
symmetrically with respect to the X-Y and X-Z planes. In sliding mode II, the crack surfaces 
slide over each other symmetrically with respect to the X-Y plane and other skew 
symmetrically with respect to the X-Z plane. In tearing mode III, the crack surfaces slide 
relative to each other skew symmetrically with respect to the X-Y and X-Z planes. Irwin, 
(1957) proposed that if the coordinate system at the crack tip is as shown in Figure 2-13, then 
the stresses at the crack tip under mode I are defined as: 
 
 
 θ  
 
 θ  
 
θ 
 
σ =   K1 3
 
cos     1 − sin     sin  
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 θ  
 
 θ  
 
θ 
 
σ =   K1 3
 
cos     1 − sin     sin  
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τXY  = 
K1 
2πr 
cos  θ  sin  θ  cos  3θ  
          
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where, KI is the mode I stress intensity factor. The rest of the parameters are defined in Figure 
 
2-13. Mode I cracks dominate most applications, so the stress state at the crack tip for mode I 
 
only is discussed. However, similar expressions can also be obtained for other modes. 
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Figure 2-13 Stress state at the crack tip (Ashok, 1998). 
 
 
A bi-material interface such as the adhesive-substrate interface in an adhesive joint, offers 
some difficulties in interpreting the intensity factors. The resulting stress state becomes more 
complex for interfacial cracks, where the crack is assumed to run along an interface between 
two linear elastic materials with different elastic properties. When analysing stresses at a bi- 
material interface one of the parameters proposed by Dundurs, (1969) can be used. This is 
 
given by:  
 
κ = GS1 (k2  − 1) − GS2 (k1 − 1) 
GS1 (k2  + 1) + GS2 (k1 + 1) 
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where β  is a measure of the in plane modulus mismatch proposed by Hutchinson and Suo, 
 
(1992), where,  
 
 
k  = (3 − νi ) 
(1 + νi ) 
 
 
 
 
for plane stress 2-34 
 
 
 
 
 
and ki  = 3 − 4νi  for plane strain 2-35 
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∂x i 
and GS1, GS2  and νi  (i  = 1, 2) are the shear modulus and Poisson‟s ratio respectively of the 
 
two materials. The elastic mismatch parameter mi is given by: 
 
 
 
mi = 
1 ln  1  − κ  
2π  1 + κ  
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Thus the stress state at the interface for the bi-material interface was defined as: 
 
 
(K  + iK )rimi 
σy  + iτxy  =   1  2   2-37 2πr e 
 
 
 
where, i= − 1 . The complex stress intensity is given by K = K1+iK2, K1 and K2 are similar to 
 
KI  and KII  in the solution for a homogeneous material. In eqn. 2-37, re  is the radial distance 
from the crack tip to the point of interest in the crack tip region.  Owing to the complex nature 
of the stress at the crack tip region in a bi-material interface, the energy approach is preferred 
over the stress intensity parameter approach. 
 
 
NON-LINEAR FRACTURE MECHANICS 
 
 
A parameter similar to K is needed to characterise fracture in elastic-plastic or fully plastic 
conditions. This parameter has to meet similar requirements as the stress intensity factor in 
the case of linear elastic fracture mechanics. A popular non-linear fracture parameter is the J- 
integral proposed by Rice, (1968). He discussed the potential of a path independent integral, J, 
for characterising fracture in non-linear elastic materials. Rice defined the J-integral for a 
cracked body as follows: 
 
 
 ∂u   J = ∫  Wn1 
Γ  
− T     i   ds 
1  
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where, Г is an arbitrary path in the anticlockwise direction, u is the displacement vector. W is 
 
the elastic strain energy density and is given by: 
40  
εij 
W = ∫ σijdεij 
0 
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where, ζij and εij  are the stress and strain fields respectively. The traction vector Ti, which is 
 
defined in terms of the outward normal to the path Г, nj is given by: 
 
 
Ti  = σijn j 2-40 
 
 
This parameter was extensively used in this project, where plasticity at the crack tip has to be 
considered. 
 
 
LIFETIME PREDICTION MODELS 
 
 
Prediction models based on fracture mechanics laws are extensively used in both academia 
and industry due to their simplicity and general applicability. These models, in principle, 
predict fatigue lifetime based on the assumption that crack growth dominates the failure 
process and the initiation prior to crack have little effect on the life and thus contribute only a 
small portion of the total fatigue life. The crack growth is also divided into different phases 
when applying the fracture mechanics laws for lifetime prediction. The advantage of using 
this method is that the remnant life in a structure after the first observation of cracking can 
easily be predicted. However, the disadvantage is that the life before the start of a crack 
cannot be estimated using this approach. Also, when the fatigue life is dominated by crack 
initiation rather than propagation, it is not possible to estimate the correct lifetime using a 
fracture mechanics approach. The region of applicability for fracture mechanics laws can be 
shown schematically using different phases of failure, shown in Figure 2-14, as proposed by 
Schijve, (2001). 
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Figure 2-14 Different phases of failure in a material (Schijve, 2001). 
 
 
Paris  and  Erdogan,  (1963)  were  amongst  the  first  researchers  to  propose  a  relationship 
between the fatigue crack growth rate and the stress intensity factor. They examined fatigue 
crack growth for a number of alloys and found that the crack growth rate is directly 
proportional  to  the  stress  intensity  factor.  Based  on  this  proportionality,  they  gave  the 
empirical relation as: 
 
 
da 
= CF (∆K)  F dN 
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where, CF and mF are determined through experiments. The stress intensity factor was related 
 
to the crack length as: 
 
 
K = yσ  πa 2-42 
 
 
where,  y  is  a  constant  (geometric  parameter).  Substituting  eqn.  2-42  in  eqn.  2-41  and 
integrating between limits ao and af, which are initial and final crack lengths respectively, the 
number of cycles-to-failure, Nf can be calculated as: 
 
 
Nf af da Nf  = ∫ dN = ∫   mF 2-43 
0 ao  C ymF ∆σmF (πa) 2 
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This model was a starting point, where many alterations were made to correctly predict the 
fatigue life for different materials under fatigue loading. However, the indispensible part of 
every approach was the characteristic fatigue crack growth vs. stress intensity or strain energy 
release  rate  curves,  which  define  the  crack  growth  nature  of  the  material  under  fatigue 
loading. 
 
Some of the alterations made to the traditional Paris law type of relation were as a result of 
other associated phenomena relating to fatigue crack growth such as crack closure effects. 
Crack closure effects were studied by many authors, both under constant and variable 
amplitude fatigue loadings. Elber, (1970) observed that under fatigue loading with null load 
ratio, the crack may be partially or completely closed. Elber, (1970), concluded that under 
constant amplitude fatigue loading, the stress intensity parameter cannot be determined solely 
on the basis of whole stress range Δζ, but that this has to be multiplied by a factor „q‟, if the 
crack is not completely closed. Hence, for the partially opened crack, the fatigue crack growth 
rate was calculated as: 
 
 
da 
= CF (q∆K)  F dN 
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He also concluded that under variable amplitude fatigue, the closure may account for at least 
part of the interaction effect. However, these propositions require further experimental 
evidence.  A similar approach to predict fatigue life for both constant and variable amplitude 
fatigue was investigated later by Newman, (1997).   He used a plastically induced crack 
closure model to calculate crack growth rates in a thin sheet of aluminium under constant 
amplitude loading for a wide range of stress ratios. A constraint factor, which accounts for 
three dimensional stress effects, was used in determining the effective stress intensity factor 
range. This is given by eqn. 2-45. 
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= δ + δ 
op  op  
  
∆Keff  = (σmax  − σo ) 
 
πcF(c / w) 
 
2-45 
 
 
where ζo is the crack opening stress and is given by: 
 
 
σ  = f  σmax
 
, R, q 
  
2-46
 
o  σo  
 
 
ζmax is the maximum stress, F is a boundary correction factor, R is the stress ratio and q is the 
constraint factor. The above equations were used in the Paris crack growth equations to 
predict the lifetime. An improvement to Newman‟s model was carried out by Zhang, et al., 
(2002). A fatigue crack growth model to characterise short fatigue crack growth behaviour, 
through combining the mechanisms of both plasticity induced crack closure and fracture 
surface roughness induced crack closure was proposed. They defined the total crack closure 
due to both the phenomena as: 
 
 
δop 
p r 
op op cos θ 2-47 
 
 
where, δp and δr are equivalent crack surface displacements due to plasticity induced crack 
 
 
closure and fracture roughness induced crack closure respectively and, 
 
 
 
cos θ = h = 
h2 + ( w  )2 2 
2ω 
4ω2 + 1 
 
2-48 
 
 
where, ω is defined as the fracture surface roughness factor, defined as h/w, where w denotes 
the mean base width of fracture surface asperities, and h is the average height of asperities. 
Using eqns. 2-47 and 2-48 they further derived the stress intensity factor as: 
 
 
 
 
 
 
 
K =   (Kp 
 
)2 + (K )2 
4ω2Ω    
2-49 op op max 
(1 + 2ωΩ)  4ω2 + 1 
44  
op  
 
K op , is the crack opening stress intensity factor. K 
p   , is the stress intensity factor dependent 
 
on plane stress or plane strain, cyclic stress ratio R, Ω is a constant and applied to yield stress 
ratio ζ/ζyp, ω is the fracture surface roughness parameter. Another alteration to the Paris law 
type approach, was carried out by Ibrahim and Miller, (1980), wherein the phase prior to 
crack propagation was incorporated in the lifetime prediction. They considered both micro 
crack formation and also the crack initiation prior to macro crack growth. They found the 
micro crack growth behaves in a similar way to that of macro crack growth and that the micro 
crack growth rate was determined by: 
 
 
da 
= v(∆ε 
dN p 
 
)z a 
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where,  v  and  z  are  material  constants,  and  Δεp  is  the  plastic  shear  strain  range.  They 
determined the portion of the fatigue lives spent in lower (ε1) and higher (ε2) strain level for a 
two strain level, strain controlled fatigue experiments. Ibrahim and Miller, (1980) plotted 
these results in a graph of ε1 vs. ε2 and determined the portion of the total fatigue life spent in 
crack initiation (as shown in Figure 2-15). 
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Figure 2-15 Crack initiation life determination by (Ibrahim and Miller K, 1980). 
 
 
 
In another attempt to incorporate the crack initiation region in the lifetime prediction Vasek 
and Polak (1991), divided the fatigue life into two distinct damage regions. For the crack 
initiation region, they assumed a constant crack growth rate given by; 
 
 
da 
dN 
= ji 
 
for a0≤a≤ac 
 
2-51 
 
 
where, ji is the constant crack propagation assumed, ao is the initial crack length, ac is the 
critical crack length at which, the crack propagation region in the total fatigue life starts. In 
the crack propagation regime, the dependence of crack growth rate on the crack length was 
approximated by a linear relation: 
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D
 =
 a
/a
f 
da 
dN 
= ji + y(a − ac ) 
 
for ac≤a≤af 
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where, y is a constant and af is the final crack length. They integrated eqns. 2-51 and 2-52 to 
 
derive damage evolution relations, given by: 
 
 
D = 2DcR for initiation D≤ R ≤ ½ 2-53 
 
 
 
and 
 
D = Dc
 + Dc e 
 
m(2R −1) 
 
−1 
 
for propagation 1/2≤ R ≤ 1 2-54 
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Figure  2-16  Damage  lines  drawn  using  eqns.  2-53  and  2-54  for  different  strain 
amplitudes (Vasek and Polak, 1991). 
 
 
where, R is the cycle ratio,  Dc=ac/af and m=kNf/2. A series of damage lines drawn using eqns. 
 
2-53 and 2-54 are shown in Figure 2-16. The damage curves are drawn here for different 
strain amplitudes (εa). However, the crack initiation regions found by these authors remained 
47  
o 
(σ − σ 
n 
the same for all strain amplitudes. In addition, the constant crack growth region prior to fast 
crack growth region was only assumed. 
In the case of composite materials, steady state fatigue crack growth was observed by Guo 
and Wu, (1999) for fibre reinforced metal laminates after certain number of cycles. Thus, the 
effective stress intensity factor range remained constant. They derived the effective stress 
intensity factor range as: 
 
 
∆Keff  = 
lo ∆σ  πa 
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∆K (a − s) + lo / F
2
 
 
 
where, Δζ is the applied stress range, s is the geometry parameter, l0 is the equivalent crack 
 
length and F is the configuration factor given by: 
 
 
F = sec( πa w) 
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where, a is the crack length and w is the width. The crack growth rate was calculated 
 
substituting for ΔKeff in the Paris crack growth law as: 
 
 
=da  = C 
 
(1 − R 
 
)mF −1 ∆K  
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where, CF, mF and n are the crack growth constants and, Rc, is given by: 
 
 
(σmin  − σop ) R c = 
max op ) 
2-58 
 
 
where, ζmin and ζmax are the maximum and minimum stresses respectively and ζop is the crack 
opening stress considering the effect of the residual stress in the glass fibre reinforced 
aluminium laminates. This approach considers the residual stresses into the crack growth law, 
which were absent in all of the other approaches discussed so far.  In a similar approach, the 
48  
i 
residual compressive stresses created by overloads were incorporated in the crack growth rate 
 
equation by Wheeler, (1972). In this case the crack growth rate is given by: 
 
 
da  
= C [A(∆K)n ] 
dN 
 
2-59 
 
 
where Ci = (rpi/rmax)p, and rpi is the  plastic zone size associated with the ith loading cycle, rmax 
is the distance from the current crack tip to the largest prior elastic-plastic zone created by the 
overload, p is an empirical shape parameter that is dependent upon the material properties and 
the loading spectrum.   Modifications to the Wheeler fatigue crack retardation models were 
proposed by Yuen and Taheri, (2007).  The modifications allow the model to account for the 
crack retardation due to applied overloads, ΦD, initial crack growth acceleration immediately 
following overloads, ΦR, and overload interaction retardation and the net section yielding 
effect, observed in the fatigue crack growth retardation behaviour of many materials, ΦI. The 
model proposed is given by: 
 
 
da 
= Φ  Φ  Φ  C (∆K )mF   
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The calculation of lifetime in all of the approaches discussed so far using fracture mechanics 
were carried out analytically with the aid of experimental results. Although this process is 
simpler and faster, it can become complex when used for complex structures. In complex 
structures crack growth prediction can be simplified by integrating the crack growth 
differential numerically, as carried out recently by Erpolat, et al., (2004a). They used a 
numerical crack growth integration technique to predict the fatigue lifetime of double lap 
carbon fibre reinforced plastic adhesive joints. They experimented using a block loading 
spectrum, wherein every block consisted of two stages with different maximum loads. The 
load interaction effects, which were apparent in the spectrum, were not taken care of, and as a 
 result, the model did not predict well the variable amplitude fatigue behaviour. The crack 
 
growth was numerically obtained using: 
 
 
 
a = a + n . da (G (S a ,....) 
 
2-61 i+1 i i   dN max,i i,   i 
 
 
 where, Gmax is the maximum strain energy release rate per n cycles. Eqn. 2-61 was integrated until,  Gmax,i+1≥Gc, where  Gc   is  the  critical  strain  energy  release  rate.  Further  to  this  an 
 
implementation of numerical crack growth integration into a finite element code can be seen 
by Abdel Wahab, et al., (2004).  A detailed algorithm used by these authors is given in Figure 
2-17. 
 
 
 
 
 
Initial condition a= 
ao and applied load 
P=Pi. 
Perform FEA for 
crack length a. 
Determine 
GT or GI. 
Give small crack 
increment Δa. 
 
 
 
Calculate (da/dN) 
from crack growth 
law. 
 
Yes No 
 
Calculate ΔN as 
ΔN= Δa/(da/dN). 
 
 
 
 
 
Should another 
load be 
considered? 
 
Yes 
 
Has „a‟ reached the 
maximum allowable 
crack length af ? 
Calculate new N 
and a as N = N+ 
ΔN and a =a+ Δa. 
 
 
No 
 
Draw load vs. 
cycles-to-failure 
curve. 
 
 
 
Figure 2-17 Finite element implementation of numerical crack growth integration (Abdel 
Wahab, et al., 2004). 49 
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The algorithm consists of propagating the crack, checking if the crack length has reached its 
critical value, determining the strain energy release rates G and GC, calculating the number of 
cycles corresponding to a certain crack length and, finally, determining the number of cycles- 
to-failure at different fatigue loads. However, the main drawback of the numerical crack 
growth integration technique is that it cannot simulate the crack growth acceleration or 
deceleration that may be produced in a variable amplitude fatigue loading spectrum due to 
load interaction effects. A simple damage shift model to predict the fatigue lifetime in 
composite joints subjected to variable amplitude fatigue was proposed by Ashcroft, (2004). 
He applied this model to predict lifetime when overloads are introduced at definite intervals in 
a constant amplitude fatigue loading spectrum. This model was able to account for both the 
load interaction effect and a sudden crack growth observed at high initial ΔG testing. He 
proposed a parameter, ψ, which is a function of the number of overloads and the ratio of 
maximum strain energy release rate in constant amplitude fatigue loading spectrum and the 
overloads. Whenever overloads were introduced, the crack growth was accelerated using this 
parameter as: 
 
 
=da  =da  =   + ψ 2-62 
dN  dN CA 
 
 
where, ψ = f (NOL, ROL) and NOL  is the number of overloads and ROL  = ΔGCA/ΔGOL. The 
model predicted fatigue crack growth well under variable amplitude fatigue loading, however, 
a further validation is required with more complex loading spectra involving mixtures of 
different load interaction effects. 
 
On the whole it can be seen that the fracture mechanics based approach has been used 
extensively to predict fatigue lifetime under both constant and variable amplitude fatigue 
loading. However, the problem of accounting for crack initiation prior to crack propagation 
was not effectively addressed.  Hence, a more sophisticated approach is needed, which can 
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account for the crack initiation phase in a fatigue lifetime. This is discussed in detail in the 
next section, where a damage mechanics approach is discussed. 
 
 
2.5.3.2 DAMAGE INITIATION BASED MODELS 
 
 
The last section dealt mainly with crack propagation dominated fatigue lifetime models. If the 
crack initiation life prior to the first crack in the material makes a significant part of the entire 
fatigue life, then fracture mechanics based models tend to under predict the fatigue lifetime. 
In such cases, the damage initiation based prediction models are used to predict the fatigue 
lifetime. These models can be classified as cohesive zone and damage mechanics models. The 
viewpoint from which cohesive zone models originate regards fracture as a gradual 
phenomenon, in which, separation takes place across an extended crack tip, or cohesive zone, 
and is resisted by cohesive tractions (Rene, 2005). The credit for finding such a zone ahead of 
the crack tip goes to Barenblatt, (1959) under quasi-static loading and to Frost and Dugdale, 
(1965) under fatigue loading. Cohesive zone models when implemented in a finite element 
program, the cohesive zone elements do not represent any physical material. They define the 
cohesive forces that  occur when material elements are loaded. A similarity between the 
fracture mechanics and cohesive zone models is that both of them can use strain energy 
release rate as the criteria for failure.   But the dissimilarity between these is that cohesive 
zone models can simulate crack initiation unlike the fracture mechanics approach. Cohesive 
zone  models  are  normally  characterised  using  traction  laws.  These  traction  laws  are 
determined by conducting destructive experiments on the material, whose failure behaviour is 
to be simulated using cohesive zone elements. These models can be used both in quasi-static 
and fatigue loading conditions (Crocombe, et al., 2006, Feraren and Jensen, 2004, Maiti and 
Geubelle, 2005, Nguyen and Repetto , 2001, Roe and Siegmund, 2003, Xie and Waas, 2006, 
Yang, et al., 2004). The main advantage of using this approach is that it can simulate the 
mixed mode failure behaviour effectively in contrast to any other lifetime prediction methods. 
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But the disadvantage of using these models is, when implemented in a finite element program, 
the  cohesive  zone  has  to  be  predefined,  and  also  the  mesh  dependency  of  results  is  a 
significant issue to be considered. 
 
One of the ways to deal with the mesh dependency and the automatic crack or damage 
growth, without predefined paths, is to deal the damage with respect to its constituents. For 
example, in the case of rubber toughened adhesives, the damage can be modelled individually 
for the voids plus the rubber particles. The damage growth can be modelled based on 
continuum mechanics, micromechanical failure criteria or specific damage characteristics 
including crack spacing, delamination area and micro voids.   The approaches based on 
continuum mechanics are named “continuum damage” mechanics. The damage growth in 
these models is based on thermodynamic principles. These models take localised strain in a 
deformed area as the state variable to derive the expression for damage growth. For example, 
for a small local deformation, the total strain is divided into two components as follows: 
 
 
e p
 
εij  = εij  + εij 2-63 
 
 
where, εij is the strain and superscripts e and p indicate elastic and plastic components of the 
damage. A detailed procedure for deriving the continuum damage models using a 
representative volume technique can be found in Kachanov, (1958) and Lemaitre and 
Desmorat, (2005). However, the derived form by these authors is more generic. The damage 
growth  was  modelled  based  on  the  specific  damage  characteristic  by  some  researchers 
(Gurson,  1977,  Raghavan,  2005,  Tvergaard  and  Needleman,  1984). Their  model  can  be 
applied to model the damage growth in cavities in the case of metals and de-bonding 
behaviours in composite materials. On the basis of these models, Kattan and Voyiadjis, 
(2005) have given a systematic way to analyse the damage growth in terms of voids and 
cracks.  Models  were  built on  these  principles  simulating damage  growth  and  predicting 
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 σ  
fatigue lifetime under both constant amplitude and variable amplitude fatigue loading 
(Bhattacharya and Ellingwood, 1998, Cheng and Plumtree, 1998). The advantage of using 
continuum damage mechanics and micromechanical models is that they accurately model the 
damage or crack growth processes in all types of material, due to involvement of actual 
damage mechanics principles. However they are difficult to program in a finite element code 
due to the vast (Bhattacharya and Ellingwood, 1998, Cheng and Plumtree, 1998) tensorial 
manipulations required. One of the easiest ways to solve this problem is to use only the 
damage mechanics to define damage growth equations, thereby they can be effectively used 
in any finite element program with continuum elements. For example, in a crude approach, 
used to determine the stiffness degradation in glass fibre reinforced plastic composite panels, 
Ogin, et al., (1985) proposed a damage growth model in terms of small crack density given 
by: 
 
 
 
 dD 
2 n 
     max  
 
∝   
dN   D   
2-64 
 
 
where, D is the crack density, ζmax is the maximum applied stress and n is determined using 
experiments. However, they considered the situation of already existing crack lengths and the 
damage between two crack lengths in the matrix. This does not help in determining the life 
prior to the advent of any crack in the material. In a better approach, a simplified method 
based on damage mechanics was used by Daudeville and Ladeveze (1993) for delamination 
analysis of carbon-resin composites. They assumed that the damage phenomena are 
concentrated at the interface and derived a thermodynamic potential based on strain energy 
as: 
 
 
  σ 2 σ 2 σ2
 
σ2 
 
U = 1  33 + 33 +   31  +   32   
 
2-65 
2  k0 k0 (1 − d ) k0 (1 − d ) k0 (1 − d   )   3 3 3 1 1 2 21    
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s 
where, ζij where, (i, j) =1,2, 3 are the stresses in three directions, k0  is the stiffness values for 
the diagonal matrix representing the stress equation and di represents damages in three 
directions. Based on this equation, they defined variables for mode I and mode II fracture 
similar to fracture mechanics as: 
 
 
Y = ∂ED 
i ∂D 
 
2-66 
i 
 
 
The damage evolution was then assumed to be governed by: 
 
 
Y = YD   + Ξ1YD   + Ξ2YD 2-67 
 
 
where, Ξ1 and Ξ 2 are the coupling factors and the damage evolution law were given by: 
 
 
D3  = w(Y) 
D1 = Ξ1w(Y) 
D2  = Ξ2 w(Y) 
if D3 <1; D3 =1 otherwise 
if D1 <1 and D3 <1; D1= 1 otherwise 
if D2 <1 and D3 <1; D2= 1 otherwise 
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with, 
 
w(Y) = 
Y − Y0 
Yc − Y0 
 
2-71 
 
 
where, Y0  and Yc are the threshold and critical energies and s is the characteristic damage 
parameter determined through experiments for the interface.  In a similar approach the free 
energy was defined in a slightly different way by Sedrakian et al., (2000) as: 
 
 
φ =   α11 
 
Y β11 + α22 
 
Y β22  + α12 
 
Y β12 
2-72 
11 22 12 1 + β11 1 + β22 1 + β12 
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the parameters αij  and βij  where, i, j =1,2,3 are the dependent on stress ratio, frequency and 
stress level and Yijβ  are the functions representing damage evolution. The damage evolution 
laws were then expressed as: 
 
 
d(Dij ) = 
dN 
∂φ 
∂Yij 
 
2-73 
 
 
Here  also,  the  damage  progression  can  be  determined  in  all  the  directions.  In  another 
approach by Bangyan and Lessard, (1994), the fatigue lifetime was determined by dividing 
the total damage into that in the matrix and fibres. The damage evolution law was given by: 
 
 
dD A (σ )A2 
= 1 max 2-74 
dN BDB−1   
 
 
where, D = 1-E/E0; A1 and A2 are determined using S-N curve and B is an unknown constant. 
 
They derived the expressions for the individual components of damage for with delamination 
 
damage given by:   
 
 
Dd = (MNσb ax 
 
 
 
 
)1/ B (1 − V) Cd 
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and matrix cracking by: 
 
 
 
Dm = (MNσ
b 
ax )
1/ B (1 − V) 
Cm 
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Based on eqns. 2-75 and 2-76, the number of cycles-to-failure determined as with respect to 
 
matrix crack density: 
 
 
 m    2  
C i mi    m t sin θ  
N =    i=1   
Wσb (1 − V)B 
2-77 
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where, M represents the crack density and V is the ratio of maximum applied stress to the 
 
ultimate stress to failure. In terms of delamination size the lifetime was determined as: 
 
 
 =A B 
 Cd *  
=  A  
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b 
max 
 
(1 − V)B 
 
 
Cd  and Cm  are constants that depend on material properties and lamination layup. A and A* 
are the areas of interface and delamination respectively. The benefit of using these approaches 
is that they are simple to use and implement in a finite element program. The effectiveness of 
these models can be increased by decreasing the critical size of the defect or crack which is 
considered as the damage. 
 
 
2.5.3.3 SUMMARY ON PROGRESSIVE DAMAGE MODELS 
 
 
Lifetime prediction based on progressive damage modelling has been discussed. They were 
divided as crack propagation and damage initiation based models. Crack propagation based 
models are built mostly on Paris type of crack growth law by Paris and Erdogan, (1963). A 
number of variations to these models were made to incorporate the crack closure effects and 
also the crack initiation prior to crack propagation (Abdel Wahab, et al., 2004, Ashcroft, 
2004, Elber, 1970, Erpolat, 2004a, Guo and Wu, 1999, Ibrahim and Miller K, 1980, Newman, 
 
1997, Vasek and Polak, 1991, Yuen and Taheri, 2007, Zhang, et al., 2002). The variations 
were  also  made  to  incorporate  load  interaction  effects  (Ashcroft  and  Crocombe,  2008, 
Erpolat, et al., 2004a, Yuen and Taheri, 2007). A finite element implementation of the Paris 
law can also be seen (Abdel Wahab, et al., 2004). However, the implementation in all these 
approaches for crack initiation is purely empirical in nature and does not involve simulating 
damage prior to crack growth. Damage initiation based models incorporate the damage prior a 
macro crack or the damage prior to every crack growth. Two types of models, namely; 
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cohesive zone models and damage mechanics based models were discussed. Cohesive zone 
models determine the lifetime based on traction laws, which characterise the material failure 
behaviour. These models were used both in quasi-static and fatigue conditions (Crocombe, et 
al., 2006, Feraren and Jensen, 2004, Maiti and Geubelle, 2005, Nguyen and Repetto, 2001, 
Roe and Siegmund, 2003, Xie and Waas, 2006, Yang, et al., 2004). However, due to mesh 
dependency and pre-defined crack paths, which are needed for cohesive zone models, damage 
mechanics models were preferred. These models were divided into continuum damage 
mechanics models, micro-mechanics models and damage mechanics models. A generic form 
of continuum damage mechanics models were developed (Kachanov, 1958, Lemaitre and 
Desmorat, 2005). The models based on specific damage characteristics were also developed 
(Gurson, 1977, Kattan and Voyiadjis, 2005, Raghavan, 2005, Tvergaard and Needleman, 
1984).  The application of these models to fatigue loading both under constant and variable 
amplitudes was also discussed by Bhattacharya and Ellingwood, (1998) and Cheng and 
Plumtree, (1998). Though the continuum damage mechanics models represent accurately the 
fatigue failure behaviour, they also represent the complexity, due to involvement of a 
continuum. Hence, damage mechanics models that can be implemented in a finite element 
program were discussed. Models which take the micro crack density as the measure of 
damage in materials were discussed. Most of the models discussed were for composite 
materials and dealing with damage in the matrix and delamination (Daudeville and Ladeveze, 
1993, Ogin, et al., 1985, Sedrakian, et al., 2000, Bangyan and Lessard, 1994). 
 
 
2 . 6 S UM M A RY 
 
The main parts of this chapter concentrated on conducting a review of in-situ damage 
characterisation and fatigue lifetime prediction. Under in-situ damage characterisation, a brief 
account of different non destructive testing techniques available to characterise the damage 
was given. They were critiqued based on their advantages and disadvantages. Based on the 
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cost of the apparatus to be installed for measurements, the BFS measurement technique was 
concluded to be the best for bonded joints. Under lifetime prediction techniques for fatigue 
loading, different techniques based on Palmgren rule, strength degradation and progressive 
damage methods were reviewed.  The Palmgren rule was found to oversimplify the fatigue 
damage  process,  and  thus  strength  degradation  models  were  preferred.  However  as 
progressive damage models that more closely represent the fracture or damage phenomena, 
were found to be the best models to represent the fatigue failure process. 
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CH AP TER 3 EXP ERI M E NTA L T E CH NI Q UES AN D M A TERI ALS 
 
3 . 1 INT ROD UCT ION 
 
This chapter deals with various types of experimental techniques and  the materials used 
during the experimental phase of this study.  This includes, the types of machines used, 
loading, data logging techniques and also mounting procedures for different types of gauges 
used during the experiments. A detailed procedure for joint preparation for different types of 
joints used in the research is also given. The types of materials used for adherends and 
adhesives with their material properties are also given. 
 
 
3 . 2 M AT ER IALS 
 
 
3 . 2 . 1 A DHE REN D M A T ER IAL S 
 
Materials used in the aerospace industry have to satisfy stringent requirements in terms of 
mechanics for different types of loading, and chemistry for exposure to different types of 
environments. Hence, it is necessary to select materials, which possesses high strength-to- 
weight ratio and which are chemically stable. Aluminium alloys are such materials used 
widely within the aerospace industry. This is because of their higher strength-to-weight ratio 
as compared to materials like mild steel. With a clad layer over the surface of these alloys 
they can also give good corrosion protection. There are many aluminium alloys available, 
which are used for various industrial applications. Aluminium alloys, 2024 and 7075 are 
mainly used in the aircraft industry due to their higher ultimate strength. Of these aluminium 
alloys, 7075 T6 was used in this project for its higher strength as compared to 2024 alloy 
series. This selection also helps to get rid of the plastic deformation taking place mostly 
during fatigue loading in single lap joints (SLJs) owing to soft adherends. The composition of 
this grade is given in Table 3-1. The alloy consists of aluminium of 87-91 % by weight and 
some important alloying agents like Copper (Cu), Manganese (Mg) and Zinc (Zn), which help 
increase the strength of the metal. In addition, the aluminium was also solution heat treated 
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and then aged artificially (Carderelli, 2008). Figure 3-1 shows the optical microscopy picture 
taken of the cross section from the 7075 T6 alloy. Clearly, two different layers can be seen. 
The rightmost layer corresponds to pure aluminium, which is the clad layer and the other 
layer corresponds to the alloy 7075 T6. The thickness of the clad layer is approximately 
0.01mm for the total metal thickness of 2.5 mm approximately. 
 
Table 3-1 Al 7075 T6 composition (Metals Handbook, 1990). 
 
 
 
 
Component Wt (%) 
Al 87.1-91.4 
Cr 0.18-0.28 
Cu 1.2-2 
Fe Max 0.5 
Mg 2.1-2.9 
Mn Max 0.3 
Si Max 0.4 
Ti Max. 0.2 
Zn   5.1-6.1   
 
 
Clad layer 
 
 
 
Al alloy 
~ 0.01mm 
 
 
 
 
 
 
 
 
 
 
Figure 3-1 Cross section of Al 7075 T6 (optical). 
 
 
 
 
 
3 . 2 . 2 A DHE S IV E 
 
Epoxy adhesives are used extensively due to their good mechanical properties and resistance 
to water, good shelf life, gap-filling properties, volatility and out gassing characteristic during 
cure, good shrinkage and curing temperatures (Bishopp, 2005). A typical epoxy adhesive 
mainly consists of an epoxy resin and a hardener curing agent (Bishopp, 2005). The hardeners 
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also called as curatives, which under correct conditions, chemically react with the epoxy to 
produces  a  cross  linked,  infusible  polymer  (Bishopp,  2005).  Fibres  are  spread  in  either 
random or a regular manner. In addition, the rubber particles provide toughening to improve 
the plasticity of the adhesive.  FM 73M OST (one side tacky) toughened epoxy adhesive with 
a random mat carrier is one of such epoxy adhesives and was used in all the experiments. The 
carrier in this adhesive is used to support the epoxy film. It is made of non-woven polyester 
matrix. It not only provides handling control, but also bondline thickness control during cure. 
It has been demonstrated that the carrier usually has little effect on adhesive mechanical 
properties (Bruno, 1970). 
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Figure 3-2 Stress strain diagram for FM 73M adhesive (QinetiQ, 2001). 
 
 
 
 
The stress strain diagram for different strain rates at room temperature for bulk FM 73M 
specimens is shown in Figure 3-2. Both tensile and compressive loads were considered. A 
substantial plastic region can be seen in the graphs, which indicates the plasticity that will be 
present when the adhesive is used in joints. The curves are more or less converged to a single 
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line in the elastic region and are spread with some standard deviation in the plastic region. 
Hence, the rate dependency is more in the plastic region than in the elastic region. This 
signifies that the adhesive material chosen is more visco-plastic than visco-elastic. 
 
Fatigue properties were not determined in this research. This is because, there is no direct way 
to apply such properties, if determined, to predict fatigue lifetime for single lap joints. In 
addition, the stress state produced in the adhesive during fatigue loading in the bonded single 
lap joint is different than the stress state produced in the bulk adhesive samples during 
material property determination for example in uni-axial fatigue loading. 
 
Corrosion attack is one of the biggest problems faced by metallic structures in service 
conditions. Moisture, when present on substrate surfaces, or within the polymeric phase, can 
have a serious effect on the bonding strength of the adhesive joints. Therefore, it is necessary 
to protect the bonding surface against moisture attack. Corrosion resistant primers are used to 
facilitate this. Surfaces can be kept stabilised for weeks with the primer applied without 
further bonding. BR 127 corrosion resistance primer was used for all the adhesive bonds in 
this project and the application procedure is given in section 3.4. BR 127 is a methyl ethyl 
ketone  solvent  based  primer,  with  10%  modified  epoxy  phenolic  and  2.0%  strontium 
chromate as a corrosion-inhibiting additive. The primer is classified as a general purpose 
aerospace product. In summary, the material properties for adherend and the adhesive used in 
this study are given in Table 3-2. Material properties for the adhesive were taken from the FM 
73M adhesive Data Sheet, (2008). The Young‟s  modulus of the aluminium alloy used is 
 
70GPa whereas that of adhesive is 2.65GPa. The ultimate tensile strength of the aluminium is 
 
524MPa whereas that of adhesive is 48.7GPa. This says that theoretically the adherend used 
for the joint is strong enough to carry higher loads than the joint itself. 
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Table 3-2 Material properties. 
 
 
 
 
 AL 7075 T6 FM 73M 
Young‟s Modulus (GPa) 70 2.65 
Poisson‟s ratio 0.33 0.38 
Shoplife at 240 C (days) 
Density (g/cm3) 
---- 
2.70 
30 
--------- 
Melting point (0 C) 660 ---------- 
Specific heat (J kg-1 K-1) 938 --------- 
Thickness (mm) 2.55 0.25 
Ultimate tensile strength 524 48.7   (MPa)   
 
 
 
 
3 . 3 T YP ES OF J O INT S 
 
Due to its complex stress distribution, involving deformation in both mode I and mode II 
directions, SLJs were used for the fatigue experiments.  The dimensions for the SLJs were 
taken from British Standard, BS: ISO (2003:4587). They are shown in Figure 3-3. 
 
 
 
 
 
25 
 
 
 
 
 
25 100 25 
 
 
2.55 
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Figure 3-3 Single lap joint (all dimensions in mm). 
 
Compound double cantilever beams were used to carry out fundamental fracture mechanics 
experiments.  They were made with mild steel block retrofits to increase the stiffness of the 
joint and also to get rid of the plasticity in the aluminium during experiments. The standards 
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used for making double cantilever beam were taken from Blackman and Kinloch, (2001). The 
 
dimensions used for the compound double cantilever beams are given in Figure 3-4. 
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Figure 3-4 Compound double cantilever beam (all dimensions in mm). 
 
Aluminium double cantilever beams were used for the experiments to validate the AC DC 
surface pretreatment using the fracture mechanics approach. The same pretreatment was also 
used for single lap joints as discussed previously. In the compound double cantilever beam 
specimens the steel was bonded to aluminium to provide the adherends with extra stiffness. 
This was needed as, it was found that aluminium-only double cantilever beams plastically 
deformed as the crack propagated through the adhesive. Steel was preferred over thicker 
aluminium due to its cost effectiveness. 
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3 . 4 J O INT M AN UF A C T UR IN G 
 
There were many steps involved in manufacturing both SLJs and compound double cantilever 
beams. They are surface pretreatment for the adherends, application of the corrosion resistant 
primer and, finally, bonding. All these steps were carefully followed for all the joints to 
maintain the consistency in the dimensions and mechanical properties of the joints 
manufactured. These steps are explained in the following sub-sections. 
 
 
3 . 4 . 1 S U RF ACE P RET REAT M ENT S 
 
The role of the pretreatment is to enable inter-phase formation to improve epoxy-metal 
adhesion. Ideally, this is done by growing a layer of oxide film over the surfaces to be joined. 
This can be done using electrolysis, whereby the metal to be treated is made the anode in an 
electrochemical cell. The porosity of the oxide layers formed depends upon many factors such 
as; current passed through the circuit, cladding over the alloy and concentration of the 
electrolyte used in the process. The thickness of these layers can also be varied using different 
parameters involved in the process. However, an optimum thickness and porosity is needed to 
obtain consistent and good strength in the joints produced from these adherends and to 
minimise the failure of the oxide layer. In this project, two different types of surface 
pretreatments were used for the joints. Aluminium alloy adherends were treated with AC DC 
anodisation surface pretreatment. Mild steel adherends used in compound double cantilever 
beams were treated with a surface pretreatment recommended by Adams, et al., (1997). 
 
 
3.4.1.1 AC DC ANODISATION SURFACE PRETREATMENT 
 
 
Prior to anodisation, the specimens were degreased and de-burred. This was done by 
immersing the samples in acetone and placing them in an ultrasonic bath for 5 minutes.  Later 
the sample to be treated was made the anode in an electrochemical setup. A titanium alloy 
plate was used as the cathode. The electrolyte solution was a weak mixture of (5%) sulphuric 
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and phosphoric acids. The temperature of this bath was kept constant at 350  C.  Initially an 
AC voltage (50-60Hz) was applied, this was ramped up to 15V in one minute. This current 
was then kept constant for another 2 minutes. Then DC voltage was applied and ramped up to 
20 V in one minute and then kept constant at this level for another 10 minutes. The process is 
schematically shown in Figure 3-5. A summary of the process parameters is given in Table 
3-3. 
 
 
 
AC DC two way switch 
 
 
 
 
 
 
 
 
Ultrasonic 
degreasing and 
de-burring of 
specimens 
AC DC electrochemical 
cell 
Cleaning using 
normal water and 
deionised water 
 
 
Figure 3-5 AC DC anodisation setup. 
 
 
 
 
 
 
 
Table 3-3 Process parameters. 
 
 
Air-drying of 
cleaned specimens 
 
 
AC VOLTAGE 15V 
DC Voltage 20V 
Total time 14 min. 
Cathode Aluminum alloy (specimen) 
Anode Titanium alloy 
 
Electrolyte Mixture of sulphuric and phosphoric acid (5% concentration) 
 
 
 
Once the surfaces were pretreated, the samples were taken out of the bath and washed first 
with distilled water followed by a running stream of normal water. Finally, the specimens 
were dried using hot air. 
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3.4.1.2 SURFACE PRETREATMENT FOR MILD STEEL 
 
 
A procedure recommended in Adams, et al., (1997) was used for pretreating the mild steel 
adherends used for compound double cantilever beams. In this process, firstly, the surface 
was cleaned to remove using a clean wire brush prior to the vapour degreasing. This was to 
remove any oil content present over the surface. Subsequently, this surface was grit-blasted to 
make the surface more even and also to remove rust formed due to moisture attack.  The 
specimens were then etched in an acidic solution for 10 min at 71-77° C. The solution used 
for this process comprised of, sodium dichromate (4 parts by %wt.), sulphuric acid (10 parts 
by % wt.) and water (30 parts by %wt). During treatment a magnetic stirrer was used to keep 
the concentration of the solution constant throughout the solution. After the specimens were 
treated, they were, subsequently washed with a running stream of water, during which carbon 
residue formed over the surface was also brushed off using a Nylon brush. Further to this, the 
surfaces were also washed with distilled water followed by immersion in bath of acetone. 
Finally, the specimens were dried at 93°C using a dryer. BR 127 primer was then applied to 
the surface to be bonded, before storing the specimens in a desiccator. 
 
 
3 . 4 . 2 J O INT P R EP A RA T IO N 
 
Once the adherends were anodised, the corrosion resistant primer BR 127 was applied. These 
adherends were then cured for 30 mins. in open air and another 30 mins. in an oven at 120 °C 
to cure the primer. Such primed adherends can be kept for two weeks, without being affected 
by any moisture. However, in the present study bonding was carried out within three hours of 
primer application. Given the mutual compatibility of epoxide-phenolic primers and epoxide 
adhesives, it is highly unlikely that a discrete primer layer will be present post adhesive 
application.  Therefore,  the  influence  of  the  primer  on  fatigue  properties  has  not  been 
separately considered in the present study.  Fresh adhesive was taken out of cold storage and 
the  required  amount  of  adhesive  was  separated  from the  batch. This  was  kept  at  room 
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temperature until it softened. Adhesive was then used to make joints. The overlap length of 
the joints was maintained consistent and pressure was applied onto the joint during cure using 
clips. The joints were cured at 120°C and for an hour inside an oven. Figure 3-6 (a) and (b) 
show pictures taken from of SLJ and compound double cantilever beam cured samples.  In the 
case of compound double cantilever beam, an extra mechanical retrofitting with the usage of 
bolts was also given to prevent cracking between steel and aluminium bonds during fatigue 
loading on both the ends of the joints.   This could occur mainly due to the difference in 
thermal expansion coefficients of mild steel, adhesive and aluminium alloy. Joints were 
always brought to room temperature and stored in desiccators. In addition, a pre-crack was 
created in the compound double cantilever beam by incorporating a PTFE film of length equal 
to the desired pre-crack length, between two aluminium adherends. This was to comply with 
the methodology mentioned in Blackman and Kinloch, (2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
(a) 
 
 
 
Figure   3-6   Showing   cured   (a)   SLJ   and   (b) 
compound double cantilever beam. 
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3 . 4 . 3 T RAN S DU CE R M OU NT ING 
 
In this project, two different types of transducers were used viz. strain gauges and crack 
gauges. The standard process described in the M-bond adhesive strain gauge bonding kit 
provided by Vishay Instruments was used to bond the strain gauges onto the back-faces of the 
SLJs. The lead wires were soldered onto the insulator bases first then the wires from these 
bases were connected to the data logging devices. Connecting the lead wires, from the strain 
gauges  to  the  bases  first  avoids  loading  on  the  lead  wires  during  fatigue  loading.  A 
photograph of the strain gauges bonded unto the SLJs is shown in Figure 3-7. Crack gauges 
were also mounted in the same fashion as that of strain gauges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
25mm 
 
 
(b) 
 
 
(a) 
 
 
 
 
Figure 3-7 (a) Strain gauges (gauge length 3mm) mounted on the backfaces of SLJ, (b) 
crack gauges mounted on compound double cantilever beam. 
 
 
These crack gauges were made by Rumul GmbH for crack length measurements. Before 
mounting, the extra fillets on the edges were filed off so as to make an even surface for 
mounting. The same M-bond adhesive was used for bonding. The electrical connections were 
soldered onto the gauges carefully and these connections were first connected to the insulator 
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bases, mounted over the mild steel retrofits. The lead wires from the bases were connected to 
the Fractomat, a conditioner for crack gauge signals. A photograph taken from the compound 
double cantilever beam with the crack gauge mounted on is as shown in Figure 3-7 (b). 
 
 
3 . 5 T ES T ING 
 
All of the experiments were conducted in an Instron hydraulic fatigue testing machine with a 
load cell capacity of 100 kN. The machine can be numerically controlled using software 
Workshop 2.22 installed on the computer. The machine consists of hydraulic grips, which can 
be used to grip the sample with a definitive force, which can be set on the computer. This 
helps to minimise any slippage present during loading of the specimens. For all of the 
experiments, a grip force of 2kN was maintained. In the next sections, details about quasi- 
static  and  fatigue  testing,  BFS   measurements   and  details  about  fracture  mechanics 
experiments are discussed. An overall schematic of the entire machine setup is given in 
Figure 3-8. It consists of a transducer box connected to the machine or any other transducers 
such as strain gauge, crack gauge etc., to obtain different data. This is connected to the 
controller, which is connected to the computer, from where both input operations such as 
application of loads or output operations such as obtaining load and displacement from the 
specimens can be achieved using the software. 
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Figure 3-8 Instron fatigue testing machine setup. 
 
 
 
 
3 . 5 . 1 Q U ASI -S T AT IC AND F AT IGUE T ES T ING 
 
In most of the applications, especially in the aircraft or automotive industries, the loading is 
predominantly fatigue rather than static. This gives an indication of the importance of an 
experimental program to investigate different fracture phenomena under fatigue loading in the 
case of bonded joints. However, under laboratory conditions, it is necessary to also know the 
quasi-static strength, which can be used as a reference to deduce the relative magnitude of 
such different fatigue loads during experiments. Both quasi-static and fatigue testing were 
carried out on the same Instron fatigue testing machine. During quasi-static testing the load 
was applied at a constant displacement rate of 0.05 mm/min. In this way it was possible to 
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find out the maximum load at failure. A load vs. displacement curve taken for a typical quasi- 
static test is shown in Figure 3-9. The displacement shown in this figure is the displacement 
of the ram and not the actual displacement of the joint. The actual displacement of the joint 
involves both deformation and deflection due to the presence of a degree of rotation. 
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Figure 3-9 Load vs. displacement for quasi-static testing of SLJ. 
 
 
Fatigue testing was carried out for both constant and variable amplitude fatigue loading. 
Under constant amplitude fatigue loading, loading was applied using the software, which has 
the facility to input, maximum, minimum and the mean loads, in addition to the frequency of 
the fatigue spectrum. During testing, the maximum fatigue load was chosen as the percentage 
of the quasi-static failure load (QSFL). Three to four joints were tested for the maximum 
fatigue loads of 40 to 70% of the QSFL. A frequency of 5Hz and a load ratio of 0.1 were 
taken for all constant amplitude loading experiments. The load ratio is defined as the ratio of 
minimum to maximum fatigue load of the constant amplitude fatigue spectrum. The tests 
were conducted for two different types of adherend thicknesses 2.5 and 3mm. This was due to 
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the failure of the adherend for 2.5mm thickness at lower fatigue loads. This is discussed in 
detail in Section 5.2.2. 
 
Strength degradation during fatigue loading was also measured. To do this, a series of partial 
fatigue experiments was conducted, wherein the joints fatigue tested for certain number of 
cycle (portion of number of cycles-to-failure at that fatigue load), were tested quasi-statically 
to measure the remaining strength in the joint.  This was done for different maximum fatigue 
loads, taken as the percentage of QSFL. Under fatigue loading, variable amplitude loading 
program was also considered. This was mainly to conduct  experiments that replicate, to 
certain level the actual loading conditions on an aircraft structure. 
 
A series of experiments were conducted with variable amplitude fatigue loading spectra 
consisting of different types of loading combinations. The types consisted of: mean load 
changes with the amplitude of the loading kept constant; mean load changes with variable 
amplitude loading; over load effects; constant mean with variable amplitude; and; a mixture 
of all these effects. Three to four joints were tested for all of the complex loading types 
considered to check the repeatability of the results. The types of different complex loading 
spectra used during the experiments are given in Figure 3-10. In the first figure the mean load 
is changed but the load ratio was kept constant at 0.1. This resulted in a change in amplitude 
for the shifted block. These spectra are called type A and B respectively with n1=10 and 1000 
cycles.  In the case of type C and D, spectra mean loads were changed, however the amplitude 
of the loading was kept constant, i.e., L a1 = La2. This resulted in a change in the load ratio and 
is shown in Figure 3-10 (b). Thus effect of mean load change and load ratio change could be 
studied. 
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Figure 3-10 Showing (a) Type A and B spectra, (b) Type C and D spectra, (c) Type E 
and F spectra, (d) Type G spectrum and (e) Type H spectrum. 
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Spectra E and F are made up of a overloads applied every 10 and 1000 cycles respectively. 
The overloads introduce changes in mean, load ratio and the amplitude. They are shown in 
Figure 3-10 (c). Spectrum G has a constant mean with five overloads for every 10 cycles, this 
is shown in Figure 3-10 (d) and finally spectrum H consists of mixed effects, with spectrum C 
followed by spectrum E as shown in Figure 3-10 (e). 
 
 
3 . 5 . 2  BF S  M EA S UR E M EN TS 
 
One  of  the  aims  of  the  project  was  to  characterise  the  damage  in-situ  using  damage 
monitoring techniques. As already discussed in Chapter 1, a BFS measurement technique was 
used for this purpose. In this technique, internal damage can be assessed by monitoring the 
change in strains produced over the backfaces of the SLJs. A series of strain gauges can be 
placed in optimum locations over the backfaces to monitor the change in BFS corresponding 
to some crack or damage inside the adhesive. This was found by some early work on this area 
to be 1mm inside the overlap (Crocombe et. al, 2002). This is shown in Figure 2-7.  The 
distance from the centre of the gauge to the end of the overlap was 2.5mm. Strain gauges with 
gauge length equal to 3mm were selected in this research. The experimental setup used for 
BFS measurements is shown in Figure 3-11. The strain signal from the gauges was inputted to 
a  signal  conditioner made  by FYLDE  Plc. This signal  conditioner consists of  cards for 
different types of signal conditioning, e.g.: it can also be used to condition a temperature 
signal and a LVDT signal in addition to a strain signal. The change in strain is measured using 
a Wheatstone bridge circuit. Two of the resistors of the bridge were outside the FYLDE signal 
conditioner, one was the actual measuring strain gauge and the other was a dummy strain 
gauge. The other two strain gauges of the bridge were located inside one of the strain gauge 
conditioner cards on the signal conditioner. The resistance used for the gauges was 120Ω. 
Once the gauges were connected in a Wheatstone bridge, the signal conditioner was then 
connected to the controller through the transducer box. The data during the experiments can 
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then be logged easily using the computer, which is connected to the controller.   The data 
logging software has the capability to log, current, minimum, maximum and the mean values 
of the strains during fatigue loading. 
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Figure 3-11 BFS measurement setup. 
 
 
3 . 5 . 3 F R ACT UR E M EC HAN I C S EX P E R IM E N T S 
 
As previously stated, failure of a bonded structure can be separated into two phases of 
damaging and cracking. To determine the life of a structure prior to any damage sizeable can 
be an easy process. However, to determine the remaining life in a structure, which is already 
cracked, can be complicated due to the unpredictable behaviour of crack growth. Hence, it is 
desirable to study the mechanics of crack growth both under quasi-static and fatigue loading 
for bonded joints. In this case generation of the crack can lead to a catastrophic failure, owing 
to the mostly brittle nature of adhesives. Hence, a fracture mechanics experimental program 
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was conducted mainly to measure fracture toughness (Gc) and also strain energy release rates, 
including threshold strain energy release rate (Gth) under fatigue. The crack lengths during the 
experiments were measured using two different approaches. Four specimens were tested to 
determine the fracture toughness, firstly using a video camera, in the case of fatigue loading 
or travelling microscope, in the case of quasi-static loading and secondly using crack gauges, 
for both quasi-static and fatigue loading. The experimental setup for measuring a crack is 
similar to measuring strain is as shown in Figure 3-11, except that the signal conditioner for 
strain is replaced by the Fractomat, the signal conditioner for the crack. When using a video 
camera, on one of the edges of the compound double cantilever beam, the glue line was 
marked with white ink. The experiments were performed according to the standards given in 
Blackman and Kinloch, (2001) for the measurement of fracture toughness. All of the 
experiments were conducted in ambient conditions (23±2 °C and 50%±5 relative humidity). 
For initial testing, in the pre-cracking stage, the displacement rate of 0.1 mm/min was used, in 
mode I as the compound double cantilever beams had metallic adherends. During crack length 
measurements, the loading was brought to zero with the same loading rate. Fracture toughness 
(Gc) was then calculated using eqn. 3-1: 
 
 
 
 
 
P2   dC 
G = 
 
3-1 
2b da 
 
where, P = PC for quasi-static condition, is the critical load, b is the breadth of the specimen 
and dC/da can be calculated by fitting a curve to the compliance vs. crack length graph. The 
derivation  of  this  equation  is  reported  in  Ashok,  (1998).    In  the  case  of  fatigue,  the 
experiments were also done in displacement control. A load ratio of 0.1 was used and the 
maximum displacement was 0.1mm. The frequency used for the experiments was 5 Hz. In 
this case the experiments were conducted using both a video camera and crack gauges. The 
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strain energy release rates for fatigue were determined using eqn. 3-1. The specimens used for 
 
both quasi-static and fatigue experiments are illustrated in Figure 3-12. 
 
 
 
 
 
 
Figure 3-12  Compound double cantilever beam without crack gauge. 
 
 
3 . 6 F R ACT URE S U RF ACE CH ARA CT ER IS A T IO N 
 
In the case of adhesive joints, the failure surfaces can be used to determine of the failure 
mechanisms during all kinds of loading. Hence, it is necessary to have a detailed post fracture 
failure analysis of the specimens. As it also gives information about the progressive damage 
information during loading. Three different types of post fracture analyses were carried out 
using three different types of equipment. Firstly, using optical microscopy, secondly using 
field emission gun scanning electron microscopy and finally, using energy dispersive X-ray 
analysis.  Optical microscopy was used to characterise partially fractured joints. Prior to 
viewing damage in the optical microscopes, the partially tested joints were sectioned at three 
locations across the width. This is shown in Figure 3-13 (a) as L-L1, C-C1 and R-R1. Once the 
joints were sectioned, a set of procedures was followed. Sectioned samples were firstly cold 
mounted in plastic moulds. Plastic powder made by Varidur -01 from Buehler was used to 
create the plastic moulds. A paste was prepared in a cup by mixing the powder with Varidur 
liquid made up of methacrylic acid in the ratio 2:1, as detailed in the manufacturer‟s 
recommended procedures. The paste was poured into the moulds, in which the sectioned 
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joints were already kept facing down. Once the paste was poured over the joints, it took 
approximately half an hour to solidify. Once the paste was solidified, the  sections were 
slipped out of the plastic moulds. A picture taken from such moulds is shown in Figure 3-13 
(b). 
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Figure 3-13  (a) Sections on joint, (b) mounted sections. 
 
 
 
Before viewing these specimens, they were polished on a series of polishers made of different 
grades of sand paper. They ranged from 240 to 1 micrmetre.  Finely polished mounts were 
viewed for damage characterisation on a cross polarised OLYMPUS BX60M microscope 
which incorporated an arrangement of different types of filters. These filters are used to 
polarise one of the directions of the light. Thus a relatively darker region can be viewed by 
darkening the brighter region. For example, in this research the brighter metal near the 
adhesive was polarised, so the adhesive was viewed in good detail. When viewed using this 
microscope, different crack lengths were found at different sections shown in Figure 3-13 (a) 
and (b), with the maximum always at the centre and minimum at the edges. This is because 
the maximum equivalent plastic strain calculated in the central region was higher than at the 
edges due to the single lap joint offering a plane strain type of geometry rather than plane 
stress type. The direction of viewing the sectioned joints is shown in Figure 3-13 (a). A more 
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detailed characterisation of the fractured samples, which had been fractured to failure, was 
carried out using field emission gun scanning electron microscopy. This instrument was a 
LEO 1530VP operating with primary beam energies of either 8 x 103V or 20 x 103V. Prior to 
using the fractured samples on this apparatus, the fractured surfaces were gold coated in a 
vacuum coating machine. This assures image quality and also avoids charging due to the 
insulating properties of the adhesive. A picture taken of the fractured samples with gold 
coating is shown in Figure 3-14. 
 
 
 
 
 
Figure 3-14 Gold coated fractured surface. 
 
 
 
A more detailed analysis of the interfacial or cohesive fractures can be obtained by 
understanding the amount of different constituents remaining on the fracture surfaces after 
failure. This was carried out using energy dispersive X-ray analysis. This gives an output as 
the percentage of different constituents over a surface depending upon the binding energies of 
the constituents. For example in this research the constituents found on the surface were 
dominated by aluminium and carbon indicative of the adherends and the adhesive or primer 
respectively. 
 
 
3 . 7 S UM M A RY 
 
In this chapter details of the different experimental techniques and materials used were given. 
The reasons for using specific materials for different experiments were also given. A detailed 
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explanation of different instruments, machines and also the characterisation procedures was 
given.  Details  about  different  types  of  loading  used  in  the  project,  in  addition  to  the 
procedures used for different experiments were also given. 
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CH AP TER 4 F I NI TE EL EM EN T M O DELLI NG 
 
4 . 1 INT ROD UCT ION 
 
The solution to a complex problem can be simplified to enable a classical solution using 
continuous analysis techniques or it can be solved using approximate numerical techniques, 
such as finite element modelling. The FEM method breaks down a complex structure into 
many interconnected sub-regions, called finite elements. In one of the early works, elements 
such  as  the  pin  jointed  bar  and  the  triangular  plate  with  planar  loading  were  proposed 
(Clough, 1960, Turner, et al., 1956). The technique has now evolved into a powerful tool to 
analyse problems in both industry and academia.  Briefly, finite element modelling consists of 
a series of steps including discretisation of the domain, stiffness matrix derivation, applying 
boundary conditions, solving and post processing results. Good introductions to finite element 
modelling for the solution of static problems can be found in the works of Calinger, (1999), 
Kahan,  (1958),  Rao,  (2005),  Reddy,  (1984),  Rushton,  (1951),  Thompson,  (2005),  and 
Tjalling, (1995) and the application of finite element modelling to dynamic problems is 
discussed in Newmark, (1959) and Wang, (1998). In this project the finite element modelling 
technique was used as a tool to aid both validation and prediction purposes. This chapter 
discusses the details of the finite element analysis (FEA) carried out in this project. This 
includes; types of element, material models, boundary conditions, meshing, solution and post 
processing procedures.  Different types of models used were, for (i) progressive damage 
modelling (ii) backface strain (BFS) calculation and (iii) determination and critical strain 
energy release rate (GIC and JIC). An overview of the different types of element used for these 
models is given in Table 4-1. This is discussed in detail in the following sections. 
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Table 4-1 Different types of models used in the project with respective type of 
element. 
 
 
 
 
 
Fracture 
 
Type of element  Element type 
in MSC Marc 
 
Progressive 
damage 
mechanics 2D (Triangular- six noded) Element 125 
2D (Triangular -six noded) 
modelling Damage mechanics and 3D (Hexahedral-eight noded) 
Element 125 
and element 7 
BFS determination 3D (Hexahedral -eight noded) Element 7 
2D (Quadrilateral- eight JIC determination noded) Element 27 
 
 
 
 
 
4 . 2 GE OM ET RY A ND BOU ND AR Y C OND IT I ONS 
 
As all the analyses conducted in this project were quasi-static analyses, it was required to 
restrict any rigid body motions that were present during loading. The set of boundary 
conditions applied were such that all the rigid body motions were suppressed. 
 
 
4 . 2 . 1 P R OG RES S IV E DA M A GE M O DELL IN G 
 
Two types of symmetric boundary conditions were used to reduce the model size. The first 
was planar symmetry, wherein symmetry with respect to a plane is used to reduce the model 
size. The second type of symmetry is the rotational symmetric boundary condition. In this 
type of boundary condition, symmetry with respect to rotation in clockwise or counter 
clockwise directions is made use of. In fracture mechanics and damage mechanics modelling, 
rotational symmetry was used.  In addition, the joint was constrained in the Y direction at the 
loaded end in the joint for 2D fracture mechanics and damage mechanics models and also 
constrained in the Z direction in the 3D damage mechanics models. In the 3D damage 
mechanics models, planar symmetry was also used, which further reduced the computation 
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time. A schematic figure with the applied boundary conditions is shown in Figure 4-1 (a) and 
 
(b) for fracture mechanics and damage mechanics approaches respectively. 
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Figure  4-1  Boundary  conditions  used  with  (a)  2D  fracture  mechanics  and  damage 
mechanics models and (b) 3D damage mechanics models. 
 
 
 
4 . 2 . 2 BF S D ET ERM IN AT ION 
 
3D models were used for BFS determination. The boundary conditions used in this case were 
different to those used for the progressive damage modelling discussed in the last section. 
Rotational symmetry was not used for the single lap joint (SLJ) in this case to enable 
asymmetric crack growth since variable fillet sizes were also to be investigated. Figure 4-2 
shows the boundary conditions. On the left hand side of the SLJ, the load is applied with 
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directions Y and Z constrained and on the right hand side of the joint all the directions are 
 
constrained. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4-2  Boundary  conditions  used  with  the  3D  model  used  for  BFS 
determination. 
 
 
4.2.3 J -INT E GR AL D E T ERM INAT ION 
 
In the case of the compound double cantilever beam model, the joint was constrained in all 
directions at one end. A load was applied in the Y direction at the other end of the compound 
double cantilever beam. A schematic model with applied boundary conditions is shown in 
Figure 4-3.  The loads applied during the analyses were taken from experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4-3  Boundary  conditions  used  with  compound  double  cantilever  beam 
models. 
 
4 . 3 M AT ER IAL M O DE LS 
 
The parabolic Mohr-Coulomb model (Coulomb, 1776) was used for the adhesive and linear 
elasticity was assumed for the adherends for both progressive damage modelling and JIC 
determination modelling. In the Mohr-Coulomb model the yield envelope (in terms of stress), 
which is parabolic is given by: 
86 
 
 
f = (3J2 + 
 
3βσJ1) 
(1/ 2) 
 
− σyp 
 
4-1 
 
The values for yield stress ζyp and the constant β are determined from experimental stress vs. 
 
strain data. J1and J2 are matrices and are defined as: 
 
 
J1 = σii 
 
J2  = (1 / 2)σijσij 
4-2 
 
4-3 
 
where i, j =1,2,3. The stress strain diagram used for the analysis is given in Chapter 3, Section 
 
3.2.2, while discussing the experimental details. The experimental details for determining 
stress strain diagram can be referred from Jumbo, (2007). The option to define this material 
behaviour can be directly chosen from the MSC Marc Mentat material model section. The 
same material model was also used for BFS determination. Elasticity was assumed for the 
adherends. 
 
 
4 . 4 ELEM E NT S AN D M ES H ING 
 
In this section the element types used and the meshing procedures for progressive damage 
modelling, BFS determination modelling and JIC determination modelling are described. 
 
 
4 . 4 . 1 P R OG RES S IV E DA M A GE M O DELL IN G 
 
4.4.1.1 TYPES OF ELEMENT 
 
 
Triangular elements with quadratic interpolation functions were used for the progressive 
damage modelling for both the fracture mechanics and damage mechanics approaches. Hence, 
the elements consisted of six nodes, with three at the corners and three at the centre of each of 
the element edges. The reason for choosing this element was to simplify the re-meshing 
procedure and to decrease the time needed to do so. In the case of bonded joints, the thickness 
of the adhesive layer is much smaller than other dimensions of the joint in most cases. 
Therefore, considering the loading on the joints within this project, which in all the cases was 
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perpendicular to the width of the joint, 2D simulation is better represented as a plane strain 
rather than a plane stress type. Hence, for all 2-D modelling plane strain elements were used. 
The element used for 2D progressive damage modelling was Element 125 in the MSc Marc 
Mentat element library, which is shown in Figure 4-4 (a). Element 125 is a second order 
isoparametric 2D plane strain triangular element. The stiffness of this element is determined 
using three point integration. It has two degrees of freedom at each node in the local X and Y 
directions, which are transferred to global X and Y, during calculations. Output strains are 
normally at the centroid or integration points (three in number) and the values at the nodal 
locations are extrapolated from the integration points. 
 
For 3D progressive damage modelling, eight noded hexahedral elements were used. Element 
 
7 is an eight-node, isoparametric, arbitrary hexahedral element from the MSC Marc Mentat 
element library. This possesses tri-linear interpolation functions. The stiffness of this element 
is determined by eight-point Gaussian integration. The element has capabilities for geometric 
non-linearity and possesses three degrees of freedom at every node. The output values such as 
stresses, strains etc., are calculated at the integration points, which then are extrapolated to the 
nodal locations. The element used for 3D progressive damage modelling is shown in Figure 
4-4 (b). 
 
 
Integration point 
 
 
 
 
 
 
(a) (b) 
Figure 4-4 Elements used for (a) 2D (element 125) and (b) 3D (element 7) progressive damage 
modelling. 
 
 
SLJs can be modelled either with or without adhesive spew fillets, as seen in previous work 
 
(Abdel Wahab, et al., 2002, Crocombe and Adams, 1981, Crocombe, et al., 2002). The choice 
88 
 
depends upon the dimensions of the fillets observed experimentally and also the extent to 
which realistic simulation is required. In this project, for progressive damage modelling, SLJs 
were modelled with a fillet. The geometry of the fillet was modelled according to the fillet 
geometry measured from samples used in the experiments; thereby near to exact geometry of 
the SLJs used. A stepwise meshing scheme was used for the meshing of all geometries. In this 
method, the geometry is divided into parts and meshed in a pragmatic manner in such a way 
that the aspect ratio of all the elements is within recommended limits. Regions of specific 
interest and high strain gradient were meshed with a higher meshing density. Regions of high 
density meshing for 2D and 3D modelling are shown in Figure 4-5. In Figure 4-5 (a) a high 
density of mesh can be seen in the region shown inside the box. This is the region where 
crack propagation is being simulated. In Figure 4-5 (b), a mesh used in 3D progressive 
damage modelling is shown.  It can be seen that the computational demands of 3D modelling 
results in lower density meshes than can be achieved in 2D modelling. 
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Figure 4-5 Typical mesh used in progressive damage modelling in (a) 2D and (b) 3D. 
 
 
 
 
 
4.4.1.2 MESH SENSITIVITY 
 
 
The reliability of a finite element model depends upon the consistency of the results with 
respect to different mesh densities. Hence, in any FEA, checking mesh sensitivity is essential 
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and was carried out whenever necessary for FEA conducted in this project. This process 
consists of generating a series of models with different sized elements in the region of interest 
and checking the sensitivity of the results of interest to the mesh size. In the case of the 2D 
models for fracture mechanics, the mesh sensitivity was checked against the calculated strain 
energy release rate and J-integral. Figure 4-6 shows two models generated for different sizes 
of meshes around the crack tip region for SLJs. In this case, the element length used at the 
crack tip, which is measured along the crack length, ranged from 0.04 to 0.004 mm for the 
most coarse and finest meshes respectively. Table 4-2 shows the element length used with the 
corresponding number of elements after meshing for all the models. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6 Progressive damage models in 2D with element length (a) 0.04mm and (b) 
0.004mm. 
 
 
Table  4-2  Mesh  sensitivity check for  2D SLJ  for strain 
energy release rate (load = 6kN). 
 
Element length 
[mm]   
Total no. of 
elements   
 G 
[J/mm2]   
0.004 20536  712 
0.02 19924  685 
0.04   19820    683   
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The strain energy release rate calculated in this section is the fatigue strain energy release rate 
for an initial crack length of 0.01mm. This is not the material property. Theoretically, strain 
energy release rate values should not depend on element size. However, if the strain energy 
release rate calculation in the software involves usage of differential displacements and forces 
at different nodal locations, this then becomes mesh sensitive. In this research, strain energy 
release rate was calculated using the virtual crack closure technique (Krueger, 2002). In this 
approach, mode I and II strain energy release rates are given by: 
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Figure 4-7 Schematic representation of virtual crack closure technique for strain energy 
release rate determination. 
 
 
Fx and Fy   are the forces at the crack tip in x and y directions respectively, ux and uy are the 
displacements behind the crack tip for the upper crack face in x and y directions respectively 
and vx and vy  are the displacements behind the crack tip for the lower crack face in x and y 
directions respectively. All the parameters used in eqns. 4-4 and 4-5 are shown in Figure 4-7. 
The results of mesh sensitivity analysis carried out for strain energy release rate, is given in 
Table 4-2. It can be seen that the strain energy release rate value converges to approximately 
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685 J/mm2 at an element length of approximately 0.02 mm. This element length was used for 
all fracture mechanics base modelling, used in this project.  In the case of damage mechanics 
based modelling, the mesh sensitivity analysis was not carried out with respect to plastic 
strain. As the constants used in the progressive damage law discussed in detail in Chapter 6, 
Section 6.4, are mesh dependent (both in 2D and 3D), a typical mesh was chosen, which was 
kept same for all the loads during the analysis. 
 
 
4.4.1.3 TYPE OF CRACK FRONT 
 
 
The mechanics of crack growth in any type of structure is important, especially if used to 
determine the residual life or strength of the structure. The crack growth can be different at 
different points on a crack front. It is therefore important to consider the typical shape of the 
crack front while modelling in FEA. In the case of progressive damage modelling in 2D, for 
both fracture mechanics and damage mechanics approaches, a straight line type of crack front 
is modelled. In the case of 3D progressive damage modelling, the crack front was not of  a 
straight line type. The algorithm used for the analysis automatically created the crack front 
during the simulation. A simulation of the crack front is shown in Figure 4-8. The curve 
shown over the adhesive surface describes the shape of the crack front formed during the 
simulations. The crack in the adhesive was formed by deleting the completely damaged 
element. Damage in this case is defined as a function of plastic strain in the material. 
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Middle of joint width 
 
Figure 4-8 Crack front modelling for 3D progressive damage modelling. 
 
 
 
This type of the crack front can be considered realistic since a perfect concave shaped crack 
front under fatigue loading for single lap joint is not realistic. However, further simulations 
with higher mesh density can be carried out to check the shape of the crack front. 
 
 
4 . 4 . 2 BF S D ET ERM IN AT ION 
 
4.4.2.1 TYPES OF ELEMENT 
 
 
For BFS determination, 3D FEA was used. Eight noded hexahedral elements, as used for 3D 
progressive damage modelling, were used for this purpose. The shape of the element is shown 
in Figure 4-4 (b). The region of high density mesh when determining BFS is shown in Figure 
4-9. In the case of BFS determination, the variation of adhesive spew fillet was investigated 
during the analyses. This is discussed in more detail in Chapter 5, Section 5.3. 
 
Geometric variations considered included, symmetric and asymmetric fillets. In Figure 4-10, a 
schematic model shows the different fillet parameters that were changed in the 3D model. 
Width, d and radius R of the fillet were changed according to the measured values in the 
experiments. 
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Figure 4-9 3D SLJ mesh used for BFS determination. 
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Figure 4-10 Model showing parameters varied for fillet size investigation. 
 
 
 
 
The radius R ranged from 0.3 to 0.5mm and the length d ranged from 0.3mm to 0.6mm. The 
dimensions of the lower fillet were always smaller than the upper fillet. This happens during 
the curing process since a larger fillet is formed at the lower side of the joint due to flow of 
the adhesive under gravity. The difference in the fillet size was observed to affect the crack 
propagation pattern and the first crack was always generated at the smaller fillet end. During 
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finite element simulations, the difference in fillet size was used in the case, where BFS was 
calculated. In other lifetime prediction simulations this was not used to reduce the complexity 
of the problem. In addition, cladding and oxide layers were also ignored during modelling. 
This further simplified the model with bi-material boundary present only between aluminium 
and the adhesive. This is a reasonable approximation as the effective modulus of the cladding 
and  the  oxide  are  30  times  higher than the  modulus  of  the  adhesive.  The  primer  layer 
thickness was difficult to measure during fractography, since primer diffuses into the adhesive 
during cure. So, this was also avoided during finite element modelling.   Figure 4-11 show 
models with symmetric and asymmetric types of fillets. Figure 4-11 (b) shows asymmetric 
fillets modelled for a typical case. Both of the models in Figure 4-11 were used for calculating 
BFS for different crack lengths. The calculation of BFS was carried out in the same location, 
where the strain gauge was mounted; this is also shown in Figure 4-10.  An average strain was 
calculated over this region. This spans a region of 4mm in length inside the overlap and in the 
centre in width direction. The mesh in this region was especially intense and this can be seen 
from Figure 4-11. 
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Figure 4-11 (a) Symmetric fillet model, (b) asymmetric fillet model. 
 
 
4.4.2.2 MESH SENSITIVITY 
 
 
For the 3D SLJ, the mesh sensitivity was checked at the location of BFS measurement rather 
than at the crack tip. Table 4-3 shows the details of mesh sensitivity analyses conducted 
during the project for BFS determination. It can be seen that there is very little change in the 
average BFS calculated over an area equal to 2.25mm2. It should be noted that there is a small 
change in the strain within the area, however, the averaging has compensated for this.  An 
element length of 0.0625 was considered for the analysis. 
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Table 4-3 Mesh sensitivity check for 3D SLJ during BFS determination. 
 
 
 
Element length 
[mm] 
Total no. of 
elements 
Average BFS 
[micro-strain] 
0.5 59814 332 
0.25 60514 334 
0.0625   61632   335   
 
 
 
 
The element length shown in Table 4-3 is the smallest element used in the finite element 
model used to calculate BFS. The mesh density was increased only in the small region, where 
the BFS is to be calculated. Hence, the difference in number of elements for different element 
lengths is small. 
 
 
4.4.2.3 TYPE OF CRACK FRONT 
 
 
A concave type of crack front based on experimental measurements was used for BFS 
determination.   A series of crack fronts for different crack lengths, as measured from 
experiments, were modelled for the purpose of calculating the BFS. These crack fronts are 
different  from  that  illustrated  in  Figure  4-8,  which  was  calculated  in  fatigue  lifetime 
prediction simulations.  The mesh density at the crack tip was less significant in this case as 
the important result from the model is the BFS. The BFS result is not particularly sensitive to 
the meshing of the adhesive layer.   A mesh from a model with a crack in the fillet and 
glueline region is shown in Figure 4-12. To emphasise the crack the mesh is shown with 
exaggerated deformation.  The crack was started in the middle of the joint, initiating near the 
embedded corner. 
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Figure 4-12 Example of crack in BFS model. 
 
 
4.4.3 J IC  DET ERM IN A T IO N 
 
4.4.3.1 TYPES OF ELEMENT 
 
 
Quadrilateral eight  noded elements  were  used for  modelling crack growth  in  compound 
double cantilever beam specimens. The element used was element 27 in the MSC Marc 
Mentat element library. This is an eight node isoparametric, arbitrary quadrilateral element for 
plane strain applications. The element possesses bi-quadratic interpolation functions to 
represent coordinates and displacements. The stiffness of this element is determined using 
nine point Gaussian integration and the element can be used for all constitutive relations 
available in MSC Marc Mentat 2005 r3. Nodes in all locations have two degrees of freedom 
and output stresses and strains are calculated at the integration points. This element also 
possesses updated Lagrange procedure capabilities for geometric non-linearity conditions. 
The element is shown in Figure 4-13. A typical mesh taken from an FEA model of the 
compound double cantilever beam is shown in Figure 4-14. 
99 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-13 Element 27 used for crack growth in compound double 
cantilever beam. 
 
Crack tip Adherend 
 
 
 
 
 
 
 
 
 
 
Pre-crack Adhesive 
 
Figure  4-14  FEA  model  of  compound 
double cantilever beam. 
 
 
 
4.4.3.2 MESH SENSITIVITY 
 
 
In the case of the compound double cantilever beam a similar approach as used for other 
models was used to check the mesh sensitivity. Meshes with the element lengths in the range 
of 0.19mm to 3mm were used around the crack tip. The mesh sensitivity was checked against 
the calculated values for „JIC‟. Table 4-4 shows different element lengths used for the mesh 
sensitivity check. The number of elements increases as element size decreases. After an 
element length of 1.5mm the difference is minute. 
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Figure 4-15 Mesh sensitivity test for compound double cantilever beam for element 
length (a) 1.5mm and (b) 0.19mm. 
 
Table 4-4 Mesh sensitivity check for compound double cantilever beam- number of 
elements and total volume. 
 
Element length 
[mm] 
Total no. of 
elements 
 JIC 
[J/mm2] 
3 2058  2330 
1.5 2126  2200 
0.75 2244  2190 
0.375 2534  2128 
0.19   2670    2120   
 
 
 
It can be seen from the table that, the JIC increases as the element length increases, however, 
after an element length of 0.375mm, the JIC  value converges, approximately, to a value of 
2120 J/mm2. This is due to the approximation in the path selected by the software, while 
 
calculating the J-integral around the crack tip, for different element sizes. So, an element 
length of 0.375mm was used for all JIC calculations. Figure 4-15 shows two models used for 
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the mesh sensitivity checks for the compound double cantilever beam. Both of these pictures 
are taken for the crack length of 40mm, measured from the tip of the pre-crack. 
 
 
4.4.3.3 TYPE OF CRACK FRONT 
 
 
The type of crack front used in this case was a straight line as 2D FEA was used; see in Figure 
 
4-15. This is a simplification as the crack front observed during compound double cantilever 
beam experiments was curved with a high radius. This is different from the crack front shape 
used  in  Figure  4-8.  Where,  the  crack  front  was  calculated  during  lifetime  prediction 
simulations. 
 
 
4.5 AN AL YS IS M ET H ODS 
 
 
4 . 5 . 1 GE OM ET R IC N O N -L IN EA R IT Y 
 
Non-linearity due to changes in geometry or position of the material particles in a continuum 
is called a geometric non-linearity (Reddy, 1984). Geometric non-linearity arises from large 
strain or large rotation present in any system.  Since a significant rotation is present during 
loading in the case of the SLJ, Geometric non-linearity needs to be accounted for in the 
analysis.  More results on rotation of the joint are given in Chapter 5, Section 5.5. 
 
 
4 . 5 . 2 S O LUT ION P RO CE D URES 
 
The mechanical static analysis option available in the MSC Marc Mentat software was used to 
perform the quasi-static analyses. For convergence testing, a relative force tolerance of 0.1 
was  selected.  The  large  displacement,  small  strain  option  was  selected  during  the  FEA 
analysis as was the updated Lagrange analysis option. A time step of 0.1 was selected and the 
final time was equal to 1. The time step in this case is defined to apply the load in  a quasi- 
static manner. So, it can have any time units. The updated Lagrange procedure enables 
equilibrium   equations   to   be   solved   under   loading   with   reference   to   the   previous 
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configurations, i.e. the stresses or strains are calculated with respect to a configuration which 
is updated for the last force or displacement increment. 
 
 
4 . 5 . 3 P O S T P RO CES S I N G F OR F AT IGUE AN ALYS IS 
 
Most of the FEA software available in the market do not have the capability to do fatigue 
analysis based on a fracture mechanics based approach. To conduct these analyses, extra 
subroutines have to be written which can model the fatigue constitutive behaviour of the 
material.  These  subroutines  are  written  in  other  programming  languages,  which  have 
interfaces compatible to the FEA software. In this project the Python script language © 
(Python Software Foundation Inc., Hampton, USA), which has an interface with the MSC 
Marc  Mentat  software,  was  used  to  deal  with  fatigue  analyses.  All  the  algorithms  for 
predicting fatigue lifetime under both constant amplitude and variable amplitude fatigue 
loadings using various progressive damage modelling approaches were implemented using 
this script. This is discussed in Chapter 6, Sections 6.3 and 6.4. 
 
 
4.6 S UM M A RY 
 
In this chapter various FEA procedures used for progressive damage modelling, BFS 
determination and JIC determination are described. Table 4-5  gives a summary of all the FEA 
methods used in the project. 
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Table 4-5 Summary of all FEA models. 
 
 
 
 
Element Material models Geometric Crack front Post 
dimensions Adhesive Adherend nonlinearity type processing 
 
 
 
 
Progressive 
damage 
modelling 
 
Fracture 
mechanics 2D 
 
 
 
Damage 
Mechanics 2D and 3D 
 
Linear 
elastic 
 
Elasto- 
plastic 
(parabolic 
Mohr- 
Coulomb) 
 
Elasto- 
plastic 
 
Linear 
elastic  
 
 
 
Linear 
elastic  
 
 
 
 
 
Linear 
 
Straight 
line 
 
Straight line 
(2D) and 
Concave 
(3D) 
(calculated) 
 
 
Concave 
Python 
external 
subroutine 
 
 
Python 
external 
subroutine 
 
 
 
 
Marc 
BFS determination 3D (parabolic 
Mohr- 
Coulomb) 
 
elastic  (3D) (modelled) 
internal 
subroutine 
 
 
 
 
JIC determination 2D 
Elasto- 
plastic 
(parabolic 
Mohr- 
Coulomb) 
 
 
Linear 
elastic  
 
 
Straight 
line 
 
Marc 
internal 
subroutine 
104 
 
CH AP TER 5 IN - S I TU DAM A GE C H ARAC TE RI S A TI O N AN D S T RE NG TH 
W EARO U T M EA S U R EM ENT S U ND ER CO NS T ANT 
AM P LI TUD E F ATI G UE 
 
5 . 1 INT ROD UCT ION 
 
As previously discussed, structural health monitoring is an important issue for adhesive joints, 
when routine inspections are needed to locate the internal damage. Internal damage in a 
structure can lead to a considerable decrease in the strength of the structure.  As, in the 
majority of structures, fatigue loading is predominant, the presence of any internal damage 
can also decrease the fatigue threshold and the residual strength. A fatigue lifetime prediction 
based on the loading of an un-cracked, undamaged structure would be conservative. So, it is 
necessary to have techniques that can be used to characterise both internal and external 
damage in-service and correlate the measured damage to reductions in strength and also the 
lifetime of the component. This chapter deals with characterisation of the damage in-situ 
using the backface strain (BFS) technique and also relating the damage to the strength 
reduction for bonded single lap joints (SLJ). It also establishes a load independent parameter 
that can be used to determine the remaining strength in bonded joints. 
 
This chapter consists of experimental results detailing the initial characterisation of treated 
surfaces. Further, results from both quasi-static and fatigue tests are also given. These are 
followed by results from the in-situ damage characterisation for both lower and higher fatigue 
loads. A microscopic validation for different types of damage and crack growths for BFS 
measured is given using both optical microscopy and field emission gun scanning electron 
microscopy. A 3D finite element analysis (FEA) conducted to validate different types of crack 
growth scenario is also given. A damage progression model is proposed using the BFS and 
fatigue lifetime results that can be used to determine the remnant life in bonded joints 
especially at higher fatigue loads. Further, the results relating to strength measurement and 
correlation of change in strength to change in BFS are given. A critical discussion is included 
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here considering damage, BFS and strength. A nonlinear strength wearout model (NLSWM) 
is proposed, wherein a parameter ε  is defined that can be used to characterise different 
strength wearout curves for different fatigue loads.. 
 
 
5 . 2 AN OD IS AT IO N A ND T ES T IN G R ES ULT S 
 
 
5.2.1 S C AN N ING      EL ECT RON      M IC ROS C OP Y      ( S EM )      OF      T REAT ED 
S URF ACE S 
 
AC DC anodisation was used to pretreat all the surfaces prior to bonding. The details of the 
process with the process parameters are given in Chapter 3 Section 3.4.1.  In this section, the 
field emission gun scanning electron microscopy results from the fractured surfaces of AC 
DC treated aluminium are detailed. Micrographs of the fracture surfaces taken using SEM are 
shown in Figure 5-1.  Three layers can be seen in Figure 5-1 (a). Layer A is the 1XXX series 
cladding, whose thickness ranged from 15 to 25 microns measured in SEM, layer B is the 
oxide layer formed during DC anodisation and layer C is the oxide layer formed during AC 
anodisation.  It can be seen that layer B is relatively dense and thick compared with layer C. 
Layer C makes only 10% of the total oxide layer thickness of approximately 1.9 microns. A 
magnified image of layer B is shown in Figure 5-1 (b). This layer forms a barrier capable of 
offering enhanced corrosion resistance to the surface of the aluminium alloy (Critchlow, et al., 
2005).  Layer C, as shown in Figure 5-1 (c), is more porous, and provides an excellent surface 
for adhesive bonding, by allowing interphase formation. 
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(a)  AC DC oxide layer on clad aluminium alloy 
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(b) structure of the DC oxide layer (layer B) 
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Figure 5-1 (a) AC DC oxide layer on clad aluminium alloy (b) structure of the DC 
oxide layer (layer B) and (c) porous structure of the AC oxide layer (layer C). 
 
 
 
 
 
5.2.2 Q UAS I -S T AT IC AND F AT IGUE T ES T RES U LT S 
 
An average quasi-static failure load (QSFL) of 11.95kN was found for the five SLJ samples 
(as detailed in Chapter 3) tested, with a standard deviation of 0.31kN. A typical load vs. 
displacement curve for the test is given in Figure 5-2 (a).  This shows an approximately linear 
global response of the joint to loading.  No plastic deformation was noted in the adherends 
after testing, although signs of localised plasticity could be seen in the adhesive fracture 
surfaces. The fracture surfaces exhibited predominantly cohesive failure in the adhesive, as 
shown in Figure 5-2 (b), which demonstrates the effectiveness of the AC DC surface 
pretreatment. 
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Figure 5-2 (a) Load vs. displacement curve for SLJ, (b) fractured surfaces showing 
cohesive failure. 
 
 
 
The fatigue test data for the samples with 2.5mm thick adherends are presented in Figure 5-3 
(a). It can be seen that there is a linear increase in the log of cycles-to-failure with decrease in 
maximum fatigue load.  At fatigue loads lower than 6.5kN (~ 54% of QSFL), aluminium 
substrate failure was seen before adhesive failure in many joints. This can be attributed to a) 
the effectiveness of the AC DC surface pretreatment used for the joints and b) the thickness 
of metal used for the SLJs. The location of substrate failure is always seen 2 to 5mm outside 
the overlap region on the substrate this is shown in Figure 5-3 (b). Bending and tensile 
stresses are produced in this region during loading. The adherend fails due to the maximum 
bending stress produced in this region. In order to obtain failure in the adhesive at high cycles 
an increased substrate thickness of 3mm was used. The fatigue results from these experiments 
are shown in Figure 5-3 (c). It can be seen in this figure that similar results are seen for both 
adherend thicknesses. 
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Figure 5-3 (a) L-N curve with 2.5mm adherend thickness, (b) to illustrate adherend 
failure in joint with 2.5mm adherend thickness and (c) L-N curves comparing fatigue 
lives for 2.5 and 3mm adherend thicknesses. 
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5 . 3 DAM AGE EV OLU T IO N AT H IGHE R F A T IG UE LO ADS 
 
In cases where failure was not within the adherend, it appeared to be cohesive within the 
adhesive, as observed from optical microscopy.  This result was examined further by bending 
selected fractured surfaces to view cross sections in the field emission gun scanning electron 
microscope. Bending the surface breaks the adhesive layer thus forming islands of adhesive 
regions. Thus all the details below the adhesive can also be viewed. Typical micrographs of 
these islands can be seen in Figure 5-4.  Figure 5-4 (a) is a relatively low magnification 
micrograph in which, fractured islands of oxide can be seen on the plastically deformed 
aluminium surface.   A magnified view of the edge of one of these islands can be seen in 
Figure 5-4 (b), which shows the aluminium alloy, oxide and adhesive/primer layers.  Here the 
polymeric adhesive/primer layer is thin over the oxide layer, however, the fracture is neither 
interfacial nor within the oxide layer. The primer layer was deposited prior to bonding in a 
thickness  of  10-15  micrometres.  However,  during  curing,  due  to  the  penetration  of  the 
adhesive into the primer layer; it was not possible to observe the pure primer layer thickness 
under the adhesive. The cladding is used to protect aluminium alloy from moisture. Cladding 
is simply 1050 series aluminium alloy with 99.4% aluminium (Wong et. al, 2005). The 
Young‟s modulus of the cladding is 70 GPa, which is comparable to the Young‟s modulus of 
the aluminium oxide layer which is reported to be 63 to 122 GPa (Yendall, 20003, Koehl et. 
al, 2007). In an adhesive joint, the adhesive layer is still weaker with a Young‟s modulus of 
about 2.65GPa. Figure 5-5 shows the electron micrograph of a polished section of a fracture 
surface from a fatigue tested sample.  Micro cracks can be seen in the adhesive layer as well 
as the cavities associated with rubber toughening that have been explained previously by a 
number of authors (Bandyopadhay, 1990, Gupta, et al., 1985, Hwang, et al., 1989, Kinloch, et 
al., 1986). Though the cracks shown in this picture are in the transverse direction, it is highly 
likely that cracks will also be formed in other directions due to the presence of rubber 
toughners in random locations. This picture looks different to one shown in Figure 5-4 (a) and 
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(b) as the surface here was polished prior to field emission gun scanning electron microscopy 
 
analysis. 
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Figure 5-4 (a) Cohesive failure shown on a bent fracture surface, (b) magnified 
image of fracture surface. 
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Figure 5-5 Polished cross section of fracture surface showing the inter-phase between the 
adhesive and aluminium oxide layers. 
 
 
 
Different fatigue behaviour was seen at high and low fatigue loads and to aid discussion of the 
results in this chapter, high fatigue loads are nominally defined as loads greater than 50% of 
the QSFL. In Figure 5-6, BFS is plotted against number of fatigue cycles for a sample fatigue 
tested with a maximum fatigue load of 63% of the QSFL (7.5 kN). The location of the strain 
gauges is as described in Section 3.5.2 of Chapter 3. SG1 and SG2 denote the maximum 
strains during the fatigue testing for the two strain gauges. The difference in the initial strain 
between SG1 and SG2 is most likely due to unequal sized fillets at the ends of the overlap, as 
discussed further in Section 5.4.  Three regions can be seen in this figure; Region I, in which 
strain increase is decelerating (approximately 500 cycles), Region II, in which strain increases 
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accelerates (approximately 4000 cycles). 
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Figure 5-6 BFS plot for sample tested to failure (load 7.5kN). 
 
 
In order to understand the BFS results it is important to note that there are three possible crack 
growth scenarios when testing SLJs. These are: a) crack growing from only one end of the 
overlap, type I crack growth; b) approximately symmetric crack growth from both ends of the 
overlap, type II crack growth and; c) significantly asymmetric crack growth type III crack 
growth. These crack growth scenarios are shown schematically in Figure 5-7 
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Figure 5-7 (a) Type I crack growth - crack growing from only one side, (b) type II crack 
growth - symmetric crack growth, (c) type III crack growth - asymmetric crack growth. 
 
 
 
In order to correlate the BFS plots with damage in the samples, a series of experiments were 
carried out in which, joints were tested for a certain number of fatigue cycles and then 
examined for damage both externally and internally, through sectioning. Firstly, a joint was 
tested at 63% of the QSFL for 200 cycles. Figure 5-8 (a) shows the BFS plot from this test 
and a small increase in the BFS can be seen for both gauges.  No external damage was seen in 
this sample.   Figure 5-8 (b) shows an optical micrograph of a polished section from the 
middle of the joint at the SG1 end of the overlap (in section C-C1 as detailed in Chapter 3, 
Figure 3-13 (a)). Filters can be used to highlight damage in this section and in Figure 5-8 (b) 
it can be seen that although a macro-crack has not formed, there is damage in the fillet 
adjacent to the embedded corner of the adherend.  It is significant that this is in an area of 
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high predicted stress. This is on the SG1 end of the overlap which has smaller fillet size. The 
damage is spread also under the corner in the glueline region. This is an early indication of 
crack propagation both towards the fillet and the glueline. 
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Figure 5-8 Sample tested for 200 cycles (7.5kN): (a) BFS plot, (b) micrograph of fillet 
corner in the central section (C-C1) of joint on SG1 side of overlap. 
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Further joints were fatigue tested at the same load, but for a different number of cycles. 
Figure 5-9 (a) shows BFS plotted against number of fatigue cycles for a joint tested for 500 
cycles. SG1 exhibits Regions I and II from Figure 5-6, whereas SG2 shows a relatively small 
increase in strain, similar to that seen in Figure 5-8 (a). The initial difference in the strain in 
this figure is due to two reasons; a) bending on the SG1 side is always more than on the SG2 
side and b) the fillet size on SG1 side is also smaller than on the SG2 side. Again, no external 
cracking was observed, however, Figure 5-9 (b) shows that a crack of approximately 0.4mm 
in length formed at the middle of the joint at the SG1 end of the overlap. The same section at 
the other (SG2) end of the overlap showed no cracking but a region of damage similar to that 
in Figure 5-8 (b) was seen. 
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Figure 5-9 Sample tested for 500 cycles (load 63% of QSFL): (a) BFS plot), (b) 
micrograph of fillet corner in the central section (C-C1) of joint on SG1 side of the 
overlap. 
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Figure 5-10 (a) shows the BFS graph for a joint tested for 2500 cycles, with both SG1 and 
SG2 showing Regions I and II from Figure 5-6. Again, no external cracking could be seen, 
however, sub-surface cracking could be seen in the fillet area, owing to the semi-transparent 
nature of the adhesive, as shown in Figure 5-10 (b). In this case, sectioning showed that there 
was crack growth in the middle of the joint at both ends of the overlap. The fillet area in the 
middle of the joint at the SG1 end of the overlap is shown in Figure 5-10 (c). It can be seen 
that the crack has grown from the region of the embedded substrate corner, both along the 
overlap and through the fillet, although it has not quite reached the fillet surface.   Similar 
crack growth was seen in the centre section at the SG2 end of the overlap, however, the crack 
seen at the SG1 end was approximately four times larger than that at the SG2 end. Figure 5-11 
(a) shows the BFS plot of a sample tested for 5000 cycles. Both gauges exhibit Regions I and 
II, with the larger strain changes seen in SG1.  Accordingly, larger cracks were seen at the 
SG1 end, the crack length ratio for SG1 to SG2 being approximately 10:1.  Figure 5-11 (b) 
shows the central section at the SG1 end of the overlap and it can be seen that a well 
developed crack has grown along the bondline. The crack has broken through to the fillet 
surface at the SG1 end but external signs of cracking along the bondline were still not 
observed. In addition, it should be noted that fatigue life increases drastically up to 50% due 
to presence of a fillet and this has already been found by Crocombe et al, (2002) on their 
experiments on single lap joints. Hence, it is not recommended to remove the fillet in bonded 
joints. 
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Figure 5-10 Sample tested for 2500 cycles (load 6.5kN): (a) BFS plot, (b) sub surface crack 
in fillet (SG1 side), (c) micrograph of fillet corner in the central section (C-C1) of joint at 
SG1 end of the overlap. 
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Figure 5-11 Sample tested for 5000 cycles (load 63% of QSFL): (a) BFS plot, (b) 
micrograph of fillet and bondline in the central section (C-C1) of joint at SG1 end of the 
overlap. 
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Damage/crack length from 
SG1 side [mm] 
Damage / crack length 
from SG2 side [mm] 
 
Total crack 
length [mm] 
  
Number of fatigue 
cycles L-L C-C R-R L-L C-C R-R    
0.59 0.38  0.03  0.13  0.24  0  0.38  500 
0.1 0.5  0.05  0.02  0.08  0.24  0.75  2500 
  0.1   1.5    0.05    0.1    0.09  0.01    1.75    5000   
 
Table 5-1 shows a summary of the crack and damage lengths measured in the sectioning 
experiments.  The location of the sections L-L1, C-C1 and R-R1 are given in Chapter 3. It can 
be seen that cracking is far more developed in the centre sections than in the edge sections. 
The loading values used are based on convenient loads to use in the fatigue testing machine. 
For the joints tested at 63% of QSFL, the total fatigue life can be divided into three regions. 
Firstly, a region of initial damage formation in the fillet, secondly, a region of asymmetric 
crack  and  damage  progression  from  both  ends  of  the  overlap,  in  which  damage  is 
concentrated in the centre of the joint. Thirdly, there is a region of rapid crack growth prior to 
final failure of the joint. It should be noted, however, that the rapid crack growth takes place 
only until a certain crack length at which point the joint is sufficiently weakened that there is 
a quasi-static type of crack growth. Regions I, II and III take up approximately 2-5%, 50-70% 
and 20-30% of the total fatigue life respectively for the samples tested at 63% (7.5kN) of 
QSFL. 
 
 
Table 5-1   Damage and crack length measurements from sections of samples tested at 
63% of QSFL (crack lengths shown in bold letters). 
 
 
 
 
 
 
1 1 1 1 1 1 
 
 
 
 
 
 
Joints were also tested with a maximum fatigue load which was 54% of the QSFL (6.5kN). 
Similar regions of crack initiation and propagation were also found at this load.  Figure 5-12 
(a) shows a comparison of the BFS plots for samples tested at 54% (6.5kN) and 63% (7.5kN) 
of QSFL. These loads were chosen as they are compatible with the software used for running 
the machine. Any other higher fatigue load value can be chosen depending upon the machine 
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setup. Unsurprisingly, the cycles-to-failure is significantly lower and the backface strains 
 
higher for the sample tested at the higher fatigue load. 
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(b) 
Figure 5-12 (a) Comparison of BFS signal from SG1 for samples tested to failure at different 
fatigue loads. (b) Comparison of BFS signals using normalised BFS and cycles. 
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In order to provide a better comparison of the BFS plots, Figure 5-12 (b) shows the same data 
in which the BFS and number of fatigue cycles are normalised with respect to maximum 
values. It can be seen that both plots exhibit Regions I, II and III. 
 
 
5 . 4 DAM AGE EV OLU T IO N AT LOW ER F AT IG UE L OA DS 
 
Lower fatigue loads are defined in this chapter when the maximum fatigue load is less than 
 
50% of the QSFL. Figure 5-13 shows the BFS plot for a sample tested at 40% of QSFL. It can 
be seen that there is very little change in the BFS until a rapid increase is seen in the final 
stage of its fatigue life. As with the higher fatigue loads, additional experiments were 
conducted wherein partially tested joints were sectioned to inspect for damage  or  crack 
growth. 
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Figure 5-13 BFS plot for sample tested to failure (load 40% of QSFL). 
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Figure 5-14 (a) shows the BFS plot for a specimen tested for 50,000 cycles. A small increase 
in the BFS is seen, which corresponds to the evolution of micro-damage, as shown in Figure 
5-14  (b).  However,  there  was  no  visible  sign  of  macro-cracking  in  the  sample,  either 
internally or externally.  The damage shown in Figure 5-14 (b), is due to the plastic strain and 
is in the region near the embedded corner. This is the region of high predicted stress. 
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(b) 
Figure 5-14 Sample tested for 50,000 cycles (load 40% of QSFL): (a) BFS plot, (b) 
micrograph of fillet and bondline in the central section (C-C1) of joint at SG1 end of the 
overlap. 
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The end of the specimen shown in Figure 5-14 (b) does not look uniform, however, during 
finite element modelling conducted to validate experimental results, a uniform square corner 
was chosen. This was to make the model simpler and computationally less time consuming. 
The  primer  layer  was  also  not  considered  during  modelling,  as  previously  discussed. 
However, it should be noted that primer layer normally diffuses into the adhesive during 
curing and a separate layer cannot be seen when the fracture surfaces were viewed in field 
emission gun scanning electron microscope. 
 
In another test at 40% of QSFL the test was stopped just after a sharp increase in the BFS was 
seen, as shown in Figure 5-15 (a). On sectioning, a crack was seen at the central section of the 
joint at both ends. The larger crack was seen at the SG1 end of the overlap and this is shown 
in Figure 5-15 (b). Damage was also observed in other sections, as illustrated by the damage 
seen in the L-L1 section (as shown in Figure 3-13 Chapter 3) shown in Figure 5-15 (c). 
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Figure 5-15 Sample tested for 110,000 cycles (load 40% of QSFL): (a) BFS plot, (b) micrograph of 
fillet in the central section (C-C1) of joint at SG1 end of the overlap. (c) micrograph of fillet in the 
left section (L-L1) of joint at SG1 end of the overlap 
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Table 5-2  Damage and crack length measurements from sections of samples tested at 40% 
of QSFL (crack lengths shown in bold letters). 
 
 
 
Damage/crack length 
from SG1 side [mm] 
Damage / crack length 
from SG2 side [mm] 
Total 
crack 
length 
 
Number of fatigue 
cycles L-L1 C-C1    R-R1 L-L1 C-C1 R-R1 [mm] 
0.32 0.72 0 0 0.07 0 0 50000 
     0.21  0.4  0.05  0.01  0.05  0  0.45  110000   
 
 
 
A summary of the crack and damage measurements from sectioning two samples tested at 
 
40% of QSFL can be seen in Table 5-2.  If the total fatigue lifetime is taken as approximately 
 
100,000 cycles then the time spent in crack initiation is approximately 85% of the total fatigue 
life at 40% of QSFL. This was calculated from Figure 5-13, where the sudden increase in BFS 
is seen only after 85,000 approximately cycles. 
 
 
 
5 . 5 COM P AR IS ON OF F E A AND EX P ER IM E NT AL R ES ULT S 
 
In order to aid interpretation of the experimental BFS results, a 3D finite element analysis 
 
(FEA) was conducted.  The details of the element used for the analysis is given in Chapter 4 
 
Section 4.4.2. A parabolic Mohr Coulomb plastic surface was used for the adhesive with a 
yield stress value of 29MPa (QinetiQ, 2001, Jumbo, 2007) for the adhesive. This is an 
approximate  value  taken  from  the  uni-axial  tension  tests  on  dog-bone  bulk  adhesive 
specimens.  Also, plasticity in the aluminium was not considered for the analysis. This is 
considered reasonable since no substrate failure is modelled during the analysis and, also 
there is no yielding in the aluminium seen prior to failure during experiments. In addition, 
when the maximum displacement for the joint, obtained through experiments was applied to 
the finite element model this resulted in the maximum stress of 52% of the yield value of the 
7075 T6 alloy. Considering that the maximum fatigue load applied ranges from 63-40% of 
 
QSFL, it is therefore not required to take into account the plasticity of the aluminium alloy. 
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The cladding layer over the aluminium, was present to prevent corrosion of the underlying 
metal. This layer was not taken into consideration in the FEA to avoid multiple bi-material 
boundaries in the joint. The SLJ was modelled with fillets of different sizes at the two ends of 
the overlap, except for type II crack growth, where symmetry was assumed.  The fillet shapes 
were based on measurements from the actual joints used in different experiments. These 
measurements were made using optical microscopy on the sections of the joints at different 
locations. The detailed sectioning procedure and locations is given in Chapter 3, Section 3.6. 
The size of the fillets used for different models are as given in Chapter 4, Section 4.4.2. 
 
A concave crack front was used in the models, as shown schematically in Figure 5-16 (a). 
The shape of the crack was based on the experimental crack measurements, with the crack 
length at the middle greater than that at the edges. A 2D view of the mesh can be seen in 
Figure 5-16 (b) that highlights the asymmetric modelling of the fillets. Figure 5-16 (c) shows 
a 3D view of an un-cracked joint and Figure 5-16 (d) shows the deformation after loading of a 
cracked joint, with the joint sectioned at the centre to emphasise the crack. The crack length is 
greatest at the centre of the joint and has not grown fully across the sample width at this point. 
Note that crack propagation was modelled by modelling every crack length and in every type 
of crack growth scenario separately. 
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Figure 5-16 (a) Concave crack front shown schematically, (b) 2D view of the finite element 
model showing different sized fillets, (c) 3D view of the joint (d) deformed mesh with centre 
crack. 
 
A mesh sensitivity analysis was carried out for the average BFS calculated over the backfaces 
in the fixed area inside the overlap. Details of this analysis are given in Chapter 4, Section 
4.4.2.2.  FEA was carried out simulating type I, II and III crack growth. Figure 5-17 (a) shows 
FEA simulated BFS plotted as a function of maximum crack length for type I crack growth. It 
can be seen that there is a difference in the initial BFS value for SG1 and SG2, which can be 
attributed to the different sized fillets, with the smaller fillet corresponding to the larger initial 
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strain value. The crack was grown from the SG1 end of the overlap, as this is the end with the 
greatest initial strain, and it can be seen that the SG1 signal increases non-uniformly with 
crack length, whereas, the SG2 signal remains relatively constant. In SG1 there is an initial 
increase in the strain, followed by a gentle increase in the strain between 0.2 and 0.8mm, after 
which there is a sharp increase in the strain gradient. This type of behaviour was seen in a 
number of the samples tested, e.g. Figure 5-6 and Figure 5-9, and is indicative of initial crack 
growth predominantly at the end of the overlap showing the increase in strain.  Moreover, in 
agreement with the FEA, it was seen experimentally that the crack tended to start at the end 
with the smaller fillet.   Figure 5-17 (b) shows a FEA simulated BFS plot for type II crack 
growth. Note that the crack length indicated in this figure is the sum of the crack lengths at 
the centre of the joint from both ends of the overlap. The BFS increases in both gauges as the 
crack length increases, which can also be viewed in the experiments where cracking is from 
both sides, e.g. Figure 5-10. However, it can be seen there is a small difference between the 
regression SG1 and SG2.  This is due to the different amount of rotation present in the two 
substrates, as shown experimentally in Figure 5-17 (d). Here, the rotation calculated from the 
displacement S of the joint is plotted against the distance X from the end of the joint. This 
rotation is present due to the boundary conditions on the fatigue testing machine. The side 
which is fixed tend to rotate less than the side which is being loaded. The rotation was 
calculated using, the following simple formula: 
 
 
θ = S 
(L − X) 
 
5-1 
 
 
where, L is the length of the entire joint.  The loaded (SG1) end shows a greater degree of 
rotation than the fixed (SG2) end and this corresponds to a greater initial BFS. It can be seen 
by comparing Figure 5-17 (a) and (b), however, that the initial strain difference caused by the 
asymmetric fillets is greater than that caused by the asymmetric loading. Hence, it can be said 
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that sample geometry has a greater effect in determining the site for initial crack growth than 
 
orientation in the test machine. 
 
 
 
 
 
800 
 
700 
 
600 
 
500 
 
400 
 
 
SG1 
 
300 
 
200 
 
100 
 
0 
 
 
SG1 
 
SG2 
 
 
 
 
0 0.2 0.4 0.6 0.8 1 1.2 
 
Total crack length[mm] 
 
 
 
 
 
 
SG2 
 
(a)  type I crack growth 
 
 
 
 
800 
 
700 
 
600 
 
500 
 
400 
 
300 
 
 
 
SG1 
SG2 
SG1 
 
200 
 
100 
 
 
SG2 
 
0 
0 0.5 1 1.5 2 2.5 
Total crack length [mm] 
 
 
 
 
 
(b) type II crack growth 
131 
 
B
ac
kf
ac
e 
st
ra
in
 [
m
ic
ro
st
ra
in
] 
A
ng
ul
ar
 ro
ta
tio
n [
m
ic
ro
ra
di
an
s]
 
 
 
 
 
1200 
 
 
1000 
 
 
 
800 SG1 
 
 
600 
 
 
400 
 
 
200 
 
 
 
SG1 
SG2 
 
SG2 
 
 
0 
0 0.5 1 1.5 2 2.5 
 
Total crack length [mm] 
 
(c) type III crack growth 
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Figure 5-17 FEA simulated BFS plots for (a) type I crack growth, (b) type II crack 
growth, (c) type III crack growth, (d) Variation in bending of sample during loading. 
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Figure 5-17 (c) shows the FEA simulated BFS plots for type III crack growth as a function of 
the total crack length in the middle of the joint. The crack lengths used in this FEA analysis 
were based on the experimentally measured crack lengths and are shown in Table 5-3. In this 
table the constant crack length on the fixed end was used to simulate type I crack growth until 
certain number of cycles followed by type III towards the end.  This figure is similar to many 
of the experimentally observed BFS plots, indicating that type III is the most common form of 
crack growth, as further confirmed from the experimental crack length measurements. Figure 
5-18 compares a FEA BFS plot for type III crack growth with a maximum fatigue load of 
 
63% of QSFL and a corresponding experimental BFS plot. It can be seen that there is 
generally a very good qualitative agreement between the experimental and FEA plots. The 
difference in the two plots can be attributed to such factors as neglecting the effect of the 
experimentally observed damage zones and differences between the actual and simulated 
crack geometries. 
 
 
 
Table 5-3 Crack lengths used during the FEA for the load of 63% of QSFL. 
 
 
Crack length from 
loaded end [mm] 
Crack length from 
fixed end [mm] 
 Total crack 
length [mm] 
 No. 
cycles 
0.14 0.14  0.28  50 
0.16 0.14  0.3  1000 
0.62 0.14  0.76  3000 
1.65 0.14  1.79  8000 
  1.65   0.73    2.38    10000   
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Figure  5-18  Comparison  of  experimental  and  FEA  BFS  for  type  III  crack 
growth. 
 
 
 
 
5 . 6 S T REN GT H W EAR OUT M EAS U REM E NT S 
 
In this section, the results from the strength wearout experiments are described. Strength here 
is characterised by the QSFL of the joint after it had been fatigued for a certain number of 
cycles. Figure 5-19 shows the results from these experiments for three different maximum 
load values in the fatigue testing. A non-linear reduction in the residual strength as a function 
of fatigue life can be seen for all the curves. The rate of strength wearout increases rapidly 
towards the end of the fatigue life.   This is sometimes referred to as „sudden  death‟ type 
failure.  Once the residual strength has decreased such that the QSFL has reached the value of 
maximum load in the fatigue cycle then quasi-static failure occurs. This is indicated by the 
vertical line at the end of each strength wearout curve. Multiple joints were not tested at the 
same number of cycles for a particular fatigue load. Any scatter present using this procedure 
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for data analysis is ignored in these experiments. The correlation of strength with the crack 
 
length is carried out at later in this chapter, see Section 5.8.1. 
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Figure 5-19 Residual failure load curves for different fatigue loads taken as % of QSFL. 
 
 
Eqn. 5-2, which is a modification based upon the equation proposed by Schaff and Davidson, 
(1997), which has been fitted to the strength wearout data, as indicated by the lines in Figure 
5-19.   The stress term in the original equation is replaced with load term. The modified 
 
equation is given by: 
 
 
 
 
η 
  n   LR (n) = Lu  − (Lu  − Lmax  )   
 N f   
 
5-2 
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where, LR  (n) is the residual load calculated as the function of fatigue cycles n, Lu  is the 
QSFL, Lmax is the maximum fatigue load, Nf is the number cycles-to-failure, which is a 
constant for a given fatigue load.  η is an empirical parameter that indicates the nature of 
strength   degradation,   with    η =1   representing   linear   degradation    η >1   representing 
 
accelerating or “sudden death” behaviour and  η  <1 representing rapid initial loss. In Figure 
 
5-19, η  varies between 1.8 and 2.8. 
 
 
 
5 . 7 M IC RO S CO P IC C H AR A CT ER IS AT ION 
 
 
5 . 7 . 1 OP T ICA L M ICR OS C OP Y OF S ECT ION ED J O INT S 
 
The observed change in residual strength and BFS during fatigue testing indicates progressive 
cracking or other forms of damage in the joints during fatigue.  The nature of this damage was 
investigated by examination of the polished sections of partially fatigued samples, as 
summarised in Figure 5-20.  The sec. damage or crack in this figure refers to the damage or 
crack measured over the sections of the partially fatigued samples. More details of the 
procedures used for this purpose are given in Chapter 3.   For the joint with a maximum 
fatigue load of 63% of the QSFL, the first sign of damage was seen in the adhesive at 
approximately 1500 cycles and cracking was seen after approximately 3000 fatigue cycles at 
the same load. The damage and cracking initiated in the fillet area of the adhesive close to the 
embedded corner of the adherend.  Crack growth was then both towards the fillet surface and 
along the bondline and was observed at both ends of the overlap. The damage and crack 
lengths (δ) in Figure 5-20 are a summation of damage or cracking at both ends of the overlap 
in the middle of the joint width, this being where damage was greatest. A variation of ± 20 to
 
50 % was noticed for different fatigue loads as shown in this value. It can be seen that the 
 
crack length increases rapidly towards the end of the fatigue life.  Similar trends were seen for 
the other fatigue loads and it can also be seen by comparing Figure 5-12, Figure 5-13 and 
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Figure 5-20 that there is some similarity between the evolution of the BFS and damage during 
 
fatigue testing. 
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(b) 
Figure 5-20 Damage and crack length vs. number of fatigue cycles for max. fatigue load of 
(a) 63% and 54% of QSFL, (b) 40% of QSFL. All measured at the middle of the joint width. 
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There is no scatter for the final values of 12.5mm in this figure as these values correspond to 
the fully fractured samples. 
 
 
5 . 7 . 2 M ICR OS C OP Y O F F RA CT URE D S URF ACES 
 
Figure 5-21 shows the fracture surfaces for joints tested with a maximum fatigue load equal to 
 
63% of the QSFL i.e., 6.5kN. Two regions can be seen here, which are labelled fatigue crack 
growth  (FCG)  and  quasi  static  crack  growth  (QSFG).  The  fatigue  crack  growth  region 
consists of the fatigue crack plus the damage produced ahead of the crack tip during fatigue 
cycling. The crack length reached prior to failure was only 2-3mm as shown in Figure 5-20. 
Thus the extra change in colour seen in Figure 5-21 has to be due to the damage produced 
ahead of the crack front. Hence, the fatigue crack growth region consists of both damage and 
crack.   It can be seen that the extent of the fatigue crack growth region increases with the 
number of fatigue cycles.  A similar trend was seen for other fatigue loads and a summary of 
the measured fatigue crack growth lengths at the centre of the sample widths can be seen in 
Figure 5-22.   A similar non-linearity of damage is observed to that seen in the polished 
sections of partially fatigued samples, as shown in Figure 5-23.  It is interesting to note that 
although the same trend is seen with the two techniques, that the fatigue crack growth length 
measured from the fracture surfaces is greater than the crack lengths measured from the 
sections in each case.  This could be because of a number of reasons including; sample-to- 
sample variation, the fact that the sections may not have been made at the point of greatest 
crack length, the crack length may have been underestimated from the polished sections and 
that the fatigue crack growth length may include some initial crack growth in the quasi-static 
testing.  It is interesting to note that the difference between the two methods of assessing 
damage increases as the fatigue load decreases.  This is a possible indication of the role of 
sub-critical damage evolution in the extended initiation periods for samples tested close to the 
fatigue threshold. 
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Figure 5-21 Fracture surfaces for maximum fatigue load of 63% of QSFL (7.5kN) after (a) 
3000 cycles and (c) 4000 cycles. 
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Figure 5-22 Fatigue crack growth (FCG) lengths measured from fracture surfaces. 
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Figure 5-23 Comparison between damage measured from sections and fatigue crack growth 
measured from fracture surfaces for max.fatigue loads of (a) 63% of QSFL, (b) 54% of 
QSFL and (c) 40% of QSFL. 
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Three different regions could be seen in the fracture surfaces, the fatigue crack growth and 
quasi-static crack growth regions described in the previous section and the fillet regions, in 
which  crack  initiation  occurs.  These  regions  were  examined  in  more  detail  using  field 
emission gun scanning electron microscopy and typical results are shown in Figure 5-24. The 
large cavities in the adhesive are due to pre-existing rubber particles. Due to the difference in 
modulus of the epoxy and the rubber particles, it appears that the epoxy surrounding the 
rubber particle has elongated prior to failure of the joint. This elongation depended on the 
extent of damage in different regions. Hence, different sized holes are seen in different 
locations. More experiments are needed, however, to be more certain of such facts. The use of 
Osmium Tetroxide could be proposed, which would more clearly indicate the presence or 
otherwise of rubber phase material. 
 
Figure 5-24 (a) shows the fillet region in which the cavity size is small, which is perhaps 
indicative of slow initial crack growth. Larger cavities are seen in the fatigue crack growth 
regions, as shown in Figure 5-24 (b). In the quasi static crack growth region a rougher fracture 
surface is seen, as shown in Figure 5-24 (c) and cavities are smaller than in the fatigue crack 
growth region.  The stable crack growth and the fast crack growth may be the reason behind 
the rougher structures found in the Figure 5-24 (b) and (c). Also, when the crack moves 
within the fillet region, the crack growth may be mode I dominated and when it moves in the 
glue line, the crack growth movement may be a mixture of both mode I and mode II type of 
crack growth. However, as previously stated more experimental and numerical simulations 
are required to validate these facts. 
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Figure 5-24 SEM of fracture surfaces at (a) fillet region , (b) fatigue crack growth region 
(FCG), (c) quasi-static crack growth region (QSCG). 
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5 . 8 D IS C US S IO N 
 
 
5 . 8 . 1 RE S IDU AL S T R EN GT H, DAM A GE AN D BF S 
 
It has been found that the residual strength of the bonded lap joints tested decreased non- 
linearly with the number of fatigue cycles and that there was a corresponding increase in the 
indications of damage. The results are summarised in Figure 5-25, Figure 5-26, and Figure 
5-27 which show normalised values of; (a) change in BFS referred to as dBFS, (b) fatigue 
crack growth length, and (c) crack or damage length from the sectioned joints (sec. damage) 
as a function of the normalised residual failure load in quasi-static testing. These results for 
sectioned damage, crack, fatigue crack growth and dBFS are obtained through linear 
interpolation of the damage, crack and BFS curves shown in Figure 5-12 Figure 5-22 and 
Figure 5-23. Corresponding points for the residual loads were obtained from Figure 5-19.  In 
Figure 5-25 the results for joints fatigue tested with a maximum fatigue load of 63% of the 
QSFL are shown.  A relatively non-linear increase in BFS and crack length can be seen as the 
residual strength decreases. It can be seen that as the residual length decreases to 63%, which 
is the applied maximum fatigue load, the crack length shoots to 12.5 mm, which is the overlap 
length. In this case when the fatigue crack length, i.e., the sum of the actual crack plus the 
damage ahead of the crack tip, reaches 0.5 times the overlap length, i.e. 6.25mm, the residual 
strength reduces to 75%, which is 9kN. When the residual strength decreases to 7.5kN, the 
joint fails due to fast crack growth. 
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Figure 5-25 Normalised dBFS, fatigue crack growth and sectioned damage/crack lengths 
as a function of the normalised residual load for max. fatigue load of 63% of QSFL. 
 
 
 
With a maximum load of 6.5kN, it can be seen that the BFS and measures of damage/cracking 
show similar trends, although in this case the crack growth appears to be in three distinct 
stages; an initial decreasing trend, a linear  region and an accelerating region towards final 
failure. In this case if the fatigue crack length is taken as 6.25mm, 0.5 times the overlap 
length, the residual strength has reduced to approximately 71%. That is compared to Figure 
5-25, there is not much reduction in residual strength for the same fatigue crack growth. 
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Figure 5-26 Normalised dBFS, fatigue crack growth and sectioned damage/crack lengths 
as a function of the normalised residual load for max. fatigue load of 54% of QSFL 
(6.5kN). 
 
 
 
Figure 5-27 presents the results for the sample fatigue tested with a maximum fatigue load of 
 
40 % of the QSFL. In this case both fatigue crack growth length and the damage length 
measured from the polished sections increase progressively with decrease in residual strength 
whereas the BFS does not show any change until towards the end of the fatigue life. This may 
indicate that the decrease in the strength of the joint is due to both damage and crack growth 
and that BFS is less effective at detecting micro-damage than cracking. In this case if the 
fatigue crack length is taken as 6.25mm, the residual strength has reduced to 80% 
approximately. The reduction in residual load is less in this case as there is no crack growth 
until the joint has reached near to its fatigue lifetime. 
 
It should also be noted that in fatigue testing of bonded joints a significant degree of sample 
to sample variation is seen which should be taken into account when analysing results. A 
summary of the fatigue results including standard deviations can be seen in Table 5-4. It can 
be seen from this figure that there is a high degree of scatter in the fatigue testing. This is 
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et al., 2004b) and on FM 73 adhesive (Kinloch and Osiyemi, 1993). 
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Figure 5-27 Normalised dBFS, fatigue crack growth and sectioned damage/crack lengths 
as a function of the normalised residual load for max. fatigue load of 40% of QSFL 
(4.8kN). 
 
 
 
Table 5-4 Summary of results from fatigue tests standard deviations in 
brackets. 
 
 
 
 
Max. fatigue load level 
[% of QSFL] 
  Nf (standard deviation)   
  Adherend thickness [mm]   
  2.5  3   
 
63% 10013(6551) 16718 (6195) 
 
54% 86556 (75581) 55651(36981) 
 
Adherend failure due to 
  fatigue  204492 (147795) 
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5 . 8 . 2 D AM AG E P R OG RES S IO N M O DEL 
 
Using  both  BFS  measurement  and  fatigue  testing  results,  a  simple  graphical  model  is 
proposed that can be used to deduce the residual life of the joint in the different regions of 
crack progression. In Figure 5-28, the normalised BFS, with respect to the maximum BFS 
measured is plotted against, the logarithmic of fatigue cycles.  Maximum fatigue loads as a 
percentage of QSFL are also plotted against the logarithmic number of fatigue cycles. This 
figure shows that the development of BFS is dependent on the fatigue load. 
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Figure 5-28 Normalised BFS and L-N results. 
 
 
 
 
 
The Y-axis for normalised BFS is adjusted to make the BFS reach the failure line of fatigue 
load graph. The BFS plots are for maximum fatigue loads of 63%, 54% and 40% of QSFL. 
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They correspond to 7.5kN, 6.5kN and 4.8kN. When the normalised BFS reaches 100%, the 
joint fails. It can be seen that the regions of initiation, slow crack growth and fast crack 
growth domination can be identified in the corresponding BFS plots.  Hence, the BFS plot can 
be used to monitor the type of failure of the joint as well as to monitor damage progression 
and, in particular, to identify the onset of the damaging fast crack growth region which 
quickly leads to complete failure.  The fatigue life data points are fitted to a logarithmic line 
with R2  value of 0.61. The equation for the fit is given on the graph. Moreover, a calibrated 
BFS signal can be used together with the L-N graph to predict the remaining life of a joint 
after a period of testing. However, in the case of lower fatigue loads, where crack growth is 
not present for most part of fatigue life, it is not possible to use this graph to predict the 
remaining life. This is because, the BFS measured at lower loads for example, 40% of QSFL, 
which is 4.8kN, does not change until the final phase of fatigue lifetime. 
 
This can be considered further by relating the BFS with the experimental crack and damage 
measurements and the 3D simulations to create a model of damage progression, as shown in 
Figure 5-29.  The region below the failure curve can be divided into three parts:, a region of 
fast crack growth from both ends of the overlap, a region of slow crack growth, where the 
crack growth rate from one end is slower than the other end and crack initiation region, in 
which damage accumulates prior to macro-crack formation and which is associated with crack 
initiation. It can be seen that in the model the crack initiation region dominates at low loads 
but diminishes as the fatigue load reaches the quasi-static failure load. The region of slow 
crack growth is most significant at intermediate loads, whereas fast crack growth dominates at 
high fatigue loads. 
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Figure 5-29 Damage progression model. 
 
 
 
 
This model is a novel contribution to the existing knowledge in the field of damage 
characterisation under fatigue loading for bonded joints. The advantage of this model is that it 
can be used for determining remaining life in a bonded structure at any point at higher fatigue 
loads. The disadvantage of this model is that at lower fatigue loads, since the crack initiation 
dominates the fatigue lifetime, it is difficult to predict the remaining life. An incorporation of 
a third parameter which is more sensitive to fatigue damage than the crack could make the 
model more effective. 
 
 
5 . 8 . 3 N ON -L IN EAR S T REN GT H W EAR OUT M ODEL ( NLS W M ) 
 
Bearing in mind the results discussed in the previous sections, a non-linear strength wearout 
model (NLSWM) is proposed for strength degradation in bonded joints subjected to fatigue 
loading. The model below is a modified version of that proposed by Schaff and Davidson, 
(1997). They proposed the residual strength degradation as: 
 
 
L(n)  L (L
 η 
L )
  n   
 
5-3 =   u  − u  −   max   
 N f   
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N 
1     N n −Ln        
n L 
  
2  
 
 
 
The following normalised parameters can be introduced: 
 
 
 
 
 
N n  = n f 
 
 
L   = L(n) n L u 
 
5-4 
 
 
5-5 
 
 
Substituting eqns. 5-4 and 5-5 in eqn. 5-3: 
 
 
 
 
L   = 1 − (Lu  − Lmax ) ( )η
 
N n 
u 5-6 
 
 
Figure 5-30 shows experimental plots of Ln against Nn, together with the best fits of eqn. 5-6. 
It can be seen that the proposed phenomenological model agrees well with the experimental 
results. A single strength wearout curve can reasonably be drawn for the entire range of 
fatigue loads wherein, the experimental parameter ε is independent of the applied fatigue load 
and is hence a powerful predictive tool. In Figure 5-30 the line of best fit was with a value of 
ε of 1.65.  For the experimental data in Figure 5-30, the standard deviation (ζ) was 0.17, and 
this is indicated by the dashed lines in the figure. The data can be fitted to a normalised 
probability distribution with mean equal to Ln and ζ equal to 0.17. This equation is taken from 
the  reference  Abraham  de  Moivre,  (1738).  The  governing  equation  is  changed  for  this 
distribution as given in eqn.  5-7. 
 
 
 
 
2 
1 −    Lni  =  e 
 σ2π 
σ        
 
5-7 
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where, Lni is the probabilistic value of normalised residual load for a value of Nn. This can be 
used  to  determine  the  probability  of  failure  at  a  given  load  after  a  given  fatigue  life. 
However,  more  experimental  results  are  necessary  to  obtain  good  confidence  in  the 
probability distribution. 
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Figure 5-30 Nonlinear strength wearout model. 
 
 
 
 
5 . 9 S UM M A RY AN D C ONC LUS IO NS 
 
The characterisation of damage under fatigue loading using the BFS technique was discussed. 
The fatigue loading region was divided into lower and higher fatigue loading regions and 
different types of crack growths and also different types of fatigue failure behaviour were 
given.  The  discussion  was  aided  using  both  optical  microscopy  over  partially  fractured 
samples and field emission gun scanning electron microscopy on the fully fractured samples. 
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A further validation was given using 3D FEA on different types of crack growth scenarios 
observed during fatigue loading. A simple damage progression model was later proposed 
using BFS and L-N curve, which can be used to determine the remaining life in SLJs. Further, 
strength measurements experimental results were given. These results were correlated with 
BFS and damage under fatigue loading. A non-linear strength wearout model was proposed, 
wherein a single empirical parameter was used to define a strength degradation curve 
independent  of  fatigue  loads  applied.  Using  the  available  data  points  a  normalised 
probabilistic model was proposed, which can be used to determine the probabilistic value of 
the remaining strength at certain number of cycles. 
 
Fatigue lifetime for SLJs can be divided into three regions; of crack initiation, stable crack 
propagation and fast crack growth at a load higher than 50% of QSFL. At fatigue loads lower 
than 50% of QSFL, the fatigue lifetime is dominated by crack initiation. The BFS technique 
can be used to deduce such fatigue failure behaviour in bonded joints. 
 
Residual strength in SLJs decreases non-linearly with respect to the number of fatigue cycles. 
Both damage and crack in the adhesive can decrease the residual strength in bonded SLJs and 
a single empirical parameter ε can be used to characterise the strength degradation under 
fatigue loading independent of fatigue loads. A normalised probability distribution can also be 
fitted to strength degradation curve, wherein the probabilistic values of strengths at different 
points of fatigue lifetime can be determined. 
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CH AP TER 6 LI F ETI M E P REDI CT I O N UND ER CO NS T ANT AM P LI TU DE 
F ATI GUE 
 
6 . 1 INT ROD UCT ION 
 
The previous chapter dealt mainly with the characterisation of damage in-situ using the 
backface strain (BFS) measurement technique and the measurement of strength degradation 
under constant amplitude fatigue loading. In terms of lifetime prediction, two models namely, 
damage progression model and a non-linear strength wearout model were proposed, that can 
be used to predict the remaining life and remaining strength in the joint respectively. The 
main drawback of these models is that they are highly geometry dependent. So, there is a need 
to use techniques that are less dependent on specific joint parameters and can be applied to all 
kinds of geometries. This can be done using progressive damage modelling techniques such 
as, fracture mechanics and damage mechanics based approaches. This chapter deals mainly 
with predicting the lifetime  of  single lap joints  (SLJs) under constant amplitude fatigue 
loading using these two techniques. These models can represent the stages of degradation in a 
physically meaningful way. 
 
The chapter has four main parts. The first part deals with the results of fracture mechanics 
experiments, the determination of critical strain energy release rate (GIC) and relationship 
between strain energy release rate (G) and crack propagation rate in fatigue. These results are 
used in the second part of the chapter, where lifetime prediction using a fracture mechanics 
based approach is carried out. The third part of the chapter deals with lifetime prediction 
using a damage mechanics approach. This includes the theory behind the approach, the 
algorithm used and lifetime prediction using both 2D and 3D approaches. In the fourth part of 
the chapter a unified approach to lifetime prediction is proposed using a damage mechanics 
based approach. It is shown that this model can be used to predict crack initiation and 
propagation lives, strength and stiffness wearout and BFS. 
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i 
6 . 2 F R ACT URE M ECH AN I CS EX P ER IM ENT S 
 
 
6 . 2 . 1 T HEO RY 
 
Experimental determination of GIC is a time consuming in the case of adhesive joints. In this 
project, a compound double cantilever beam was used for GIC  and G vs. da/dN relationship 
determination experiments. The details of the experiments are given in Chapter 3, Section 3.5. 
GIC was determined using both linear elastic fracture mechanics and non-linear fracture 
mechanics. In the case of linear elastic fracture mechanics, GIC was determined using eqn. 6-1 
 
(Ashok, 1998):  
 
 
GIC 
 
 
 
P 2  dC 
=     C   
2b  da 
 
 
 
 
6-1 
 
where, PC  is the failure load for fast crack growth, b is the width of the specimen, C is the 
compliance of the specimen and a is the crack length. dC/da in eqn. 6-1 can be determined by 
fitting a linear curve to an experimental C vs a graph. This is termed the experimental 
compliance method. 
 
Plasticity was also considered while determining GIC  using FEA. The details of the FEA 
model are discussed in Chapter 4, Section 4.4.3, together with all the material properties used 
during the analysis. When plasticity is considered a popular non-linear fracture parameter is 
the J-integral proposed by Rice, (1968). He discussed the potential of a path independent 
integral, J, for characterising fracture in non-linear elastic materials. Rice defined the J- 
integral for a cracked body as follows: 
 
 
 
 
J = ∫  Wn1 − Ti 
Γ 
∂u   ds 
∂x1  
 
 
6-2 
 
 
where, Г is an arbitrary path in the anticlockwise direction. W is the elastic strain energy 
 
density and is given by: 
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∂x 
εij 
W =  ∫ σijdεij 
0 
 
 
 
6-3 
 
 
where, ζij and εij are the stress and strain fields respectively and i, j = 1, 2, 3.  Ti is the traction 
 
vector which is defined in terms of the outward normal to the path Γ and is given by: 
 
 
 
Ti = σijn j 
 
 
6-4 
 
 
where, nj is the outward normal defined over the J-integral path. In the x-y coordinate system 
 
the same J-integral is defined as: 
 
 
J =    Wdy − T 
∂ui   ds
 6-5 
∫  i ∂x  
Γ   
 
 
 
where , u is the displacement along the vector normal to the path defined around the crack tip. 
ds is an element considered on the path for integration. This is implemented in MSC Marc 
software based upon a domain integration method (Key and Krieg, 1982). This method 
involves the conversion of line integral into an area integral over the area inside the path 
defined for the path integral. The integration is carried out by selecting a set of elements in the 
area selected. In two dimensions, the converted expression can be written as (MSC Marc 
 
Mentat, 2005 r3):   
 ∂u j 
 
 
 δq1 J = ∫  σ ij 
A  1 
− Wδ1i   dA 
 δx i 
 
6-6 
 
 
 
 
Where, q1 is the function used to convert the line integral into area integral in the software. 
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6 . 2 . 2 RE S ULT S A ND D I S CU S S ION 
 
6.2.2.1DETERMINATION OF CRITICAL STRAIN ENERGY RELEASE RATE GIC  
 
 
The details of the experiments to determine GIC and fatigue strain energy release rate (G) are 
given in Chapter 3, Section 3.5. In the present section the results from these experiments are 
discussed.  In the first instance GIC was calculated using the experimental compliance method. 
The values of dC/da for the different specimens tested were inserted in eqn. 6-1, with the 
corresponding values of load PC. Values for GIC for different crack lengths were calculated. In 
Figure 6-1, GIC is plotted against crack length for both the methods of determining GIC 
discussed in the theoretical section (Section 6.2.1). The mean GIC  values determined were 
2000 J/m2 with a standard deviation of 450J/m2 using the experimental compliance method. 
 
 
In the same Figure 6-1, J-integral values are also plotted against the crack lengths for FEA. A 
mean value of 2695 J/m2  with standard deviation of 212 J/m2  was obtained for FEA. The 
entire adhesive material was defined as elasto-plastic. This gave a measure of the length of the 
plastic zone ahead of the crack tip for the adhesive. The plastic zone length ahead of the crack 
tip was found to be 5-7mm during the crack progression. The results show a closer match 
with previous data determined for FM 73M adhesive (NASA, 1998). 
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Figure 6-1 Critical strain energy release rate results comparison between EC method 
and FEA for compound double cantilever beam. 
 
 
6.2.2.2 DETERMINATION OF FATIGUE CRACK GROWTH 
 
 
The mode I fatigue crack growth rate was also determined using compound double cantilever 
beam specimens.  Figure 6-2 (a) shows the variation of compliance with number of cycles 
during one of the fatigue tests.  The compliance in this graph is defined as the ratio of ram 
displacement to the applied load. A power law fit can be made to the data as shown in this 
figure. Crack length increased with cycles in a similar fashion, as shown in Figure 6-2 (b); 
however, there is more scatter in this case. 
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Figure 6-2 (a) Compliance plotted against number of fatigue cycles, (b) crack length 
plotted against number of cycles for compound double cantilever. 
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Gmax values for fatigue were calculated using eqn.6-1, where the values of dC/da were 
determined from Figure 6-2.  Figure 6-3 shows crack growth rate plotted against ΔG for a 
double cantilever beam specimen. ΔG is defined as the change in strain energy release rate 
between minimum and maximum loads of the constant amplitude fatigue loading spectrum as 
defined in eqn. 6-9.  The plot illustrates three regions, observed by previous workers, i.e. a 
threshold region below which there is no crack growth, a Paris law type region, where log 
da/dN is approximately proportional to log ΔG and a rapid increase in slope approaching GIC. 
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Figure  6-3  Fatigue  crack  growth  rate  plotted  against  log  (ΔGmax)  for 
compound double cantilever beam. 
 
 
The experimental data can be represented quite well by a straight line fit between the limits of 
Gth and GIC. In some cases a more complex sigmoidal fit as shown in Ewalds, (1984) to such 
data is proposed, however, in this case the simpler straight-line fit was seen to provide equally 
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good lifetime predictions. This curve represents the characteristic fatigue behaviour under 
fatigue loading for FM 73M adhesive and can be used in lifetime prediction for different 
types of adhesive joint.   However, care has to be taken to ensure fracture conditions are 
similar to those seen in the compound double cantilever beam and a suitable mixed mode 
fracture criterion must be used if fracture is not pure mode I. The fitted curve in this case is 
 
given by:  
 
 
da  
= 3.5E −16 (∆G )3.2 
dN 
 
 
 
 
6-7 
 
 
6 . 3  L IF ET IM E  P RED I CT ION  U S ING  F R AC T URE  M ECHA N ICS  BAS E D 
AP P R OA CH 
 
 
6 . 3 . 1 INT RO DUCT ION 
 
In this section the procedures and the results for lifetime prediction using a fracture mechanics 
based approach are discussed. Only 2D crack propagation modelling is considered as the 
experimental  results  for  fatigue  crack  growth  in  compound  double  cantilever  beam 
experiments were for straight line crack front and with this condition, it would be redundant 
to use a 3D model in the case of SLJ. 
 
 
6 . 3 . 2 T HEO RY 
 
The results from compound double cantilever beam experiments were used to determine the 
fatigue lifetime of SLJs using a fracture mechanics based approach. This theory was applied 
to both low and high cycle fatigue. In this approach, the fatigue crack growth rate was defined 
using a Paris law approach (Paris and Erdogan, 1963). This law is characterised by two 
constants,  which  were  taken  from  fracture  mechanics  experiments.  Also,  using  G  in 
prediction does not need J determination in this section. The Paris type law used for this 
approach is defined as: 
160 
 
F 
 
 
 
da  
= C  (∆G)nF 
dN 
6-8 
 
 
 
 
where, ΔG is as defined in eqn. 6-9. The Gmax  value needed to be greater than a threshold 
value, Gth, for crack growth to occur and immediate failure was assumed to take place when 
Gmax  was equal to GIC. Eqn. 6-8 was numerically integrated to determine the number of 
cycles-to-failure  under  fatigue  loading.  This  procedure  was  programmed  in  a  Python  © 
(Python  Software  Foundation  Inc.,  Hampton,  USA)  script,  which  acted  as  an  external 
interface to the MSC Marc FEA software. The value for G was determined using the virtual 
crack closure technique (VCCT) available in MSC Marc software (Krueger, 2002). The G 
value determined here was the sum of GI and GII (GT = GI + GII), which was used to define the 
mixed mode criterion in the simulation of the SLJs. The value of ΔG in eqn. 6-8 is given by: 
 
 
∆G = G max  − G min 6-9 
 
 
where,  Gmax   and  Gmin   are  the  maximum  and  minimum  values  of  G  determined  at  the 
maximum and minimum loads of the fatigue loading spectrum respectively. The algorithm 
used in the finite element implementation of numerical crack growth integration is shown in 
Figure 6-4. The algorithm can be explained in the following steps. 
 
Step 1: model the SLJ with an initial crack length ao and set number of cycles N equal to zero. 
 
 
Step 2: perform quasi-static analysis for both maximum fatigue load Lmax  and minimum 
fatigue load Lmin. 
 
Step 3: determine Gmax, Gmin, and ΔG using virtual crack closure technique. If Gmax>GIC, N 
 
equals Nf the number of cycles-to-failure. If Gmax<Gth, end of crack growth. 
Step 4: calculate the fatigue crack growth rate da/dN using eqn.6-8. 
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Step 5: calculate number of cycles using: 
 
 
N = N +  da 
da 
dN 
 
6-10 
 
where, da is a selected crack growth increment. 
 
 
Step 6: check if ai = af, where, af is the crack length prior to fast crack growth. If yes, then N = 
Nf. If no then, increase the crack length by da using: 
 
ai+1 = ai + da 6-11 
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Figure 6-4 Numerical crack growth integration block diagram used for lifetime 
prediction using fracture mechanics based approach. 
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The procedure was repeated for different fatigue loads and the Nf values calculated for all the 
fatigue loads. 
 
 
6 . 3 . 3 RE S ULT S A ND D I S CU S S ION 
 
Crack growth in SLJs was simulated to predict fatigue lifetime. The crack growth direction 
was chosen as perpendicular to the direction of maximum principal stresses ahead of the crack 
tip. Figure 6-5 shows the resultant crack path schematically, which is in agreement with that 
seen experimentally. 
 
 
 
 
 
 
 
 
Adherend 
 
 
 
 
Embedded 
corner 
Adhesive 
 
 
 
Crack path 
 
(a) 
 
 
 
 
 
 
 
 
 
Crack path 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 6-5 Crack path during fatigue loading shown (a) schematically and (b) observed. 
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In Figure 6-6 (a) crack length is plotted against number of cycles for both experimental 
measurements and fracture mechanics based predictions for a fatigue load of 63% of QSFL. 
The experimental crack length curves are taken from Chapter 5, Figure 5-23. More details of 
the experimental procedures used to measure the crack length can be obtained from Chapter 
3, Section 3.6.  It can be seen that the crack growth is stable until approximately 1500 cycles, 
after which, there is faster crack growth. Towards the end of the fatigue life the curve 
becomes almost vertical, implying a quasi-static type of crack growth. Considering the scatter 
generally seen in fatigue data, there is a good match between experimental and predicted plots 
of crack growth. The tendency for an under-prediction of the experimental results, especially 
for the fatigue load of 54% of QSFL is shown in Figure 6-6 (b).  The difference between the 
experimental and predicted crack growth can be attributed to the fact that as the fatigue load 
decreases crack initiation domination in the fatigue lifetime increases. This trend is described 
in Chapter 5, Section 5.8.2, in the work on BFS for damage characterisation of SLJs under 
constant amplitude fatigue. The fracture mechanics based approach does not consider the 
crack initiation phase that exists prior to crack growth in adhesive joints. The initiation phase 
has the effect of delaying the crack growth phase, especially at low loads as seen in Figure 6-6 
(b). Hence, it can be stated that fracture mechanics based approach cannot be regarded as 
reliable for describing high cycle fatigue. 
165 
 
C
ra
ck
 le
ng
th
, a
[m
m
] 
C
ra
ck
 le
ng
th
, a
 [m
m
] 
 
 
 
14 
 
 
12 
 
 
10 Experimental 
 
8 Prediction 
 
 
6 
 
 
4 
 
 
2 
 
 
0 
1.E+02 1.E+03 1.E+04 
No. of cycles, N 
 
 
(a) 
 
 
 
 
12 
 
 
10 Experimental 
 
8 Prediction 
 
 
6 
 
 
4 
 
 
2 
 
 
0 
1.E+02 1.E+03 1.E+04 1.E+05 
No. of cycles 
 
(b) 
 
Figure 6-6 Fatigue crack growth rate comparison between experimental and fracture 
mechanics based prediction for the max. fatigue load of  (a) 63% of QSFL (7.5kN) and 
(b) 54% of QSFL (6.5kN). 
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Figure 6-7 Graph showing variation of total G with respect to number of cycles for 
various maximum fatigue loads calculated using fracture mechanics based approach for 
single lap joint. 
 
Total G (GT), is plotted against number of cycles in Figure 6-7, where GT is the linear sum of 
mode I and mode II values for G. As described previously, G was calculated in the MSC 
Marc software using the virtual crack closure technique for both mode I and II. It can be seen 
that GT increases rapidly with cycles towards the end of the fatigue life, in a similar fashion to 
crack growth. This tendency is the same for all fatigue loads. 
 
A sensitivity check was conducted for the number of cycles-to-failure (Nf) with respect to the 
initial crack length ao. It was seen that with initial crack lengths over 0.08mm, the predicted 
Nf  starts to decrease. Hence, an initial crack length smaller than this was used. For all the 
analyses an initial crack length of 0.01mm was selected to ensure the predicted fatigue life 
was independent of initial crack length. 
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The maximum fatigue load is plotted against the logarithm of the number of cycles-to-failure 
for the fracture mechanics based prediction and the experiments in Figure 6-8 (a). There is 
some scatter in the experimental data as shown in this figure with the R2 value of 0.75. 
However, this is normal considering the minute sample-to-sample variations. It can be seen 
that  the  fracture  mechanics  based  approach  predicts  the  fatigue  life  well  at  high  load, 
however, at lower fatigue loads, this approach under predicts the fatigue life. It can be seen 
that as the fatigue load decreases the gap between experimental and prediction increases. This 
can be seen more clearly in Figure 6-8 (b), wherein the fatigue life is plotted on a linear scale. 
This shows that the fracture mechanics based prediction method cannot be applied, when the 
fatigue life is dominated by crack initiation rather than crack propagation. A more advanced 
approach, wherein the damage prior to crack growth is also predicted is needed in this case. 
This is discussed in the next section. 
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Figure  6-8  (a)  Graph  showing  comparison  between  experimental  and  fracture 
mechanics based fatigue lifetime prediction (X axis log scale), (b) graph 
showing comparison between experimental and fracture mechanics based 
fatigue lifetime prediction (X axis linear scale) for single lap joint. 
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6 . 4   L IF ET IM E   P R ED ICT ION   US IN G   DA M AGE   M E CH AN IC S   BAS ED 
AP P R OA CH 
 
 
6 . 4 . 1 INT RO DUCT ION 
 
In this section the damage mechanics based approach for lifetime prediction used in this 
project  is  discussed.  The  crack  initiation  prior  to  crack  growth  was  simulated  using  an 
external subroutine written in Python script. Both 2D and 3D crack propagation modelling 
were carried out to simulate the damage progression for lifetime prediction. Plastic strain was 
used as the parameter for progressing damage with respect to the number of cycles. In the 
following sections, details about the theory, algorithm used and results from the predictions 
are given. 
 
 
6.4.2 T HEO RY 
 
In  this  section,  the  damage  mechanics  approach,  which  was  used  to  simulate  damage 
 
evolution prior to crack growth, is described. Damage prior to macro crack formation was 
 
simulated using the damage growth law: 
 
dD 
= C 
dN 
 
 
 
D (εp 
 
 
 
)nD 
 
 
 
 
6-12 
 
 
where, εp is the plastic strain, CD and nD are constants determined via experiments. The value 
of D, which was a function of plastic strain, is calculated using eqn. 6-13, where eqn. 6-12 
was numerically integrated.   The damage evolution equation was simulated using a Python 
script, which acted as an interface to the MSC Marc software. The algorithm used to simulate 
damage and crack growth is shown in Figure 6-9. This can be explained in following steps: 
 
step 1: a SLJ model was built using MSc Marc software and the value for number of cycles N 
 
and damage D were set to zero. 
 
 
Step 2: a non-linear static analysis was carried out and plastic strain was determined for the 
entire adhesive. 
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Step 3: if the analysis converged, then moved to step 4, otherwise N = Nf  and the program 
was stopped. 
 
Step 4: the damage rate dD/dN was then determined for every element in the adhesive using 
eqn. 6-12. The constants CD  and nD  were set to a value to predict the correct lifetime as in 
experiments. 
 
Step 5: the new value of damage was calculated using damage rate calculated in the last step 
 
as: 
 
 
 
D = D + dD dN 
dN 
 
 
 
 
6-13 
 
 
where, dN is the increment to number of cycles. 
 
 
Step 6: if D=1, a crack increment equal to the length of the element for which D =1 was 
given, and moved to step 2. 
 
Step 7: if D ≠ 1 then, for the new value of damage, new material properties were calculated 
 
as: 
 
 
E = Eo (1 − D) 
 
σyp  = σypo (1 − D) 
 
 
β = βo (1 − D) 
6-14 
 
6-15 
 
 
6-16 
 
 
where, Eo, ζypo and βo are Young‟s modulus, yield stress and plastic surface modifier  constant 
for the Parabolic Mohr-Coulomb model respectively. A new value of N was calculated, 
process was repeated from step 2. 
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Figure 6-9 Block diagram for damage mechanics 
based prediction. 
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The constants CD  and nD  were optimised for two fatigue loads and these were then kept 
constant to determine the life for other fatigue loads. In this way, CD  and nD  were used to 
completely determine the mechanism of fatigue damage and failure of SLJs. 
 
 
6 . 4 . 3 RE S ULT S A ND D I S CU S S ION 
 
Prior to determining the correct values for the constants defined in this eqn. 6-12, a sensitivity 
analysis was conducted with respect to the number of cycles increment parameter, dN. Figure 
6-10 shows the damage, calculated for an element in the embedded corner region of the joint, 
as shown in Figure 6-5 (a) plotted against number of cycles for different values of the dN with 
the same constants CD =8 and nD =7. The constants CD and nD were optimised for two fatigue 
loads and these were then kept constant to determine the life for other fatigue loads. It can be 
seen that the predicted number of cycles is insensitive to dN value, however, the shape of the 
damage curve changes with the value of dN. For dN values of 50 and 100, the damage curve 
converges to a single line, whereas increasing dN to 500 results in a loss of detail in the early 
evolution phase. Hence, dN =100 was used for all further simulations. 
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Figure 6-10 dN sensitivity analysis conducted for max. fatigue load of 63% of 
QSFL using finite element analysis. 
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Figure 6-11 Degradation of material properties for one of the elements at maximum fatigue 
load equal to 63% of QSFL, with D defined as in eqn. 6-13 . 
 
 
 
 
Figure 6-11 shows example stress vs. strain diagrams, calculated for degraded material using 
eqns. 6-14, 6-15 and 6-16.   D in this equation is calculated by integrating the damage 
progression law, which is defined as the function of plastic strain in eqn. 6-12. It can be seen 
that as the material is degraded, both elastic and plastic regions of the material are adjusted. 
So, the damage can also be defined as the difference between the undamaged curve and that 
of the damaged material in this graph, this is given in eqns. 6-14 to 6-16. As the material 
degrades, the elastic modulus decreases as can be seen for different values of damage in this 
graph. This follows the decrease in yield point plus the change in the hardening behaviour of 
the material. For the damage value of 0.93, it can be seen that there is only a small amount of 
elasticity left and the material is fully plastic. 
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The plastic strain, for one of the elements in the adhesive layer near the embedded corner, is 
plotted against  number  of cycles  in  Figure  6-12.  It  can  be  seen that  initially the  strain 
increases in a stable manner and then rises at a much faster rate towards the end of the fatigue 
life. 
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Figure  6-12  Graph  showing  comparison  plastic  strain  in  the  adhesive  plotted  against 
number of cycles for an element in the finite element mesh for single lap joint. 
 
 
 
 
A comparison of plastic strain distribution with the experimentally observed damage is shown 
in Figure 6-13. Disparities exist between the actual joint and the finite element model. The 
clad and the oxide layers over the aluminium were not modelled in the finite element model. 
In addition, the exact shape of the embedded corner observed in the joint was also not 
modelled in the finite element models. These differences can be proposed as the reasons for 
little difference in the damage location between the observed and the calculated using finite 
element analysis. 
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(a) (b) 
 
 
 
Figure 6-13 Comparison between (a) observed high stress region and (b) the location of 
maximum equivalent plastic strain. 
 
 
 
Damage calculated in an element near to the embedded corner prior to macro-cracking is 
plotted against number of cycles in Figure 6-14.  It can be seen that for all fatigue loads the 
damage progression shows a similar tendency. Though the embedded corner modelled in 
finite element analysis is of a square type, which was in contrast to the observed round type. 
In addition, the oxide, clad and primer layers are also ignored in these simulations as stated 
already. Once the crack initiates, there is a rapid crack growth, leading to failure. At this point 
the average damage calculated over all the elements in the adhesive starts to rapidly increase 
as shown in Figure 6-15. This says that the entire adhesive is sufficiently damaged for fast 
crack growth to occur. The damage in this figure is defined as the damage calculated over 
each element divided by the number of elements in the adhesive region. 
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Figure 6-14 Damage progression for different fatigue loads simulated using damage 
mechanics approach for single lap joint. 
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Figure 6-15 Average damage in the adhesive for a maximum fatigue load of 54% of 
QSFL (6.5kN) for single lap joint. 
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A comparison between damage mechanics predicted and experimental fatigue lives is made in 
Figure 6-16. A logarithmic curve was fitted for all the experimental points with the equation 
shown in this figure. The experimental points are scattered with a R2 = 0.75.  If this curve is 
taken as the mean of all the experimental points, an excellent match with the predicted curve 
can be seen in this figure. The constants used for the damage rate law, CD and nD were 8 and 7 
respectively for this prediction. The constants CD  and nD  were optimised by data fitting for 
two fatigue loads one high and one low. These were then kept constant to determine the life 
for other fatigue loads. Mesh sensitivity analysis was not required for this model as a set of 
constants defined for a particular mesh to predict the lifetime at certain load, can be used to 
predict the lifetime for other loads with the same mesh. Hence, if the computation cost is an 
issue, a coarser mesh can be chosen with different values for the damage rate constants, which 
would accurately predict the fatigue lifetime. In addition, the excellent prediction simulated 
further proves the usage of plastic strain as the criterion for damage progression in adhesively 
joined SLJ. 
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Figure 6-16 (a) Comparison between experimental and damage mechanics 
prediction for fatigue lifetime, X-axis logarithmic, (b) Comparison 
between experimental and damage mechanics prediction for fatigue 
lifetime, X-axis linear for single lap joint. 
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A comparison is made in Figure 6-17 between the fracture mechanics and damage mechanics 
approaches for fatigue lifetime prediction. It can be seen that the accuracy of the fracture 
mechanics prediction is load dependent whereas the damage mechanics prediction is not. The 
reason that the fracture mechanics approach under predicts the fatigue life at lower loads is 
that the fatigue life is dominated by crack initiation in this region, as described in Chapter 5, 
Section 5.8.2. The damage progression model for such behaviour is shown in Figure 5-30.  In 
this figure, normalised backface strain (BFS) is plotted against the number of cycles and 
maximum fatigue load is plotted against the number of cycles-to-failure.  It can be seen that 
the fatigue lifetime consists of three regions; crack initiation region, a stable crack growth 
region, and a fast crack growth region. At lower fatigue loads, the fatigue life is dominated by 
crack initiation, with crack growth only occurring towards the end of the fatigue life. As the 
damage mechanics approach takes into consideration the damage evolution prior to crack, it 
predicts the lifetime well under all fatigue loads. 
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Figure 6-17 Comparison between experimental, fracture mechanics (FM) and 
damage mechanics (DM) based fatigue lifetime results. 
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The main drawback of using the damage mechanics approach in 2D is that it may not have 
accuracy and physical relevance if the crack front is not a straight line.  So, a 3D model was 
used for simulations, which can accurately simulate the crackfront. This is discussed in the 
next section, where a new methodology to predict fatigue behaviour is also presented. 
 
 
6 . 5 UN IF IE D F AT IG U E M ET HODO LO GY ( U F M ) 
 
It can be seen that, all of the models discussed in Chapter 2, Section 2.5 can be useful in 
characterising  or  predicting  fatigue  behaviour  under  certain  conditions  but  that  all  have 
limited applicability and functionality, and it appears that no attempt has yet been made to 
propose a methodology that is widely applicable and can be used to generate all the data 
required to characterise the fatigue behaviour.  In this section a unified fatigue methodology 
(UFM) is proposed, wherein the damage evolution law proposed in the last section is used to 
predict all the main parameters characterising the fatigue life of bonded joints. These consist 
of progressive damage evolution, crack initiation and propagation phases, backface strain 
(BFS) characterisation and strength and stiffness wearout. In this way a single damage 
evolution law is used to unify all previous approaches to characterising and predicting fatigue 
in bonded joints. In this case the damage evolution law is used in 3D, thereby, a realistic type 
of crack propagations with non-straight line crack front can be simulated. 
 
In this methodology a damage evolution law is used to predict the main parameters governing 
fatigue life. The model is described in Figure 6-18. The inputs for the method are; material 
properties, joint geometry and boundary conditions. A small number of fatigue-life test results 
are required to determine the constants in the damage evolution law.  Once the constants for 
the damage progression law are set, it can be used in commercial finite element software to 
predict progressive damage evolution, progressive crack propagation, propagation and 
initiation lives, strength wearout and stiffness wearout for a bonded joint system. 
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Figure 6-18 Schematic representation of Unified Fatigue Methodology. 
 
 
 
 
6 . 5 . 1 P R OG RES S IV E DA M A GE M O DELL IN G 
 
The rate of damage evolution was assumed to be a power law function of the equivalent micro 
plastic strain. This is given in eqn.  6-12 . The difference is that the damage law is used in a 
3D FEA model in this case. Plastic strain was used as the parameter for damage progression 
in this approach as this is a convenient method of introducing a level of strain below which 
damage does not occur. Also, the region of high equivalent plastic strain matches well with 
the region of damage observed optically in sectioned and polished samples; this is shown for 
2D in the last section in Figure 6-13. The singular nature of the crack was not used in this 
simulation as the crack growth was produced by the element deletion technique. The strain 
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based degradation of elements meant that it was not necessary to accurately model stress close 
 
to the crack tip. 
 
 
 
 
 
 
 
 
 
Maximum 
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Adhesive Adhesive overlap area 
fillet area Middle of adhesive 
layer 
 
 
 
 
Figure 6-19 The location of maximum equivalent plastic strain shown in 3D finite element 
mesh of adhesive layer. 
 
 
 
Note that the adherend is not shown in Figure 6-19 to aid clarity and only half the sample 
width is shown, owing to the use of symmetry in the model. Hence, the area of maximum 
equivalent plastic strain indicated in the figure is in the middle of the sample width.  The 
damage model can be implemented in commercial finite element software via an external 
subroutine. Eqn. 6-12  can be numerically integrated  over  each element in the  model to 
simulate damage evolution followed by crack propagation for fully damaged elements, i.e. 
where D =1. Using this algorithm, the number of cycles-to-failure for different fatigue loads 
can be calculated. The constants CD and nD can be optimised based on fatigue life data for two 
or three different loads spanning the range to be considered. The results are validated against 
the mean fatigue life line with a R2  value of 0.75. The model described was implemented 
using  an  external  subroutine  written  in  Python  ©  (Python  Software  Foundation  Inc., 
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Hampton, USA) script with the FEA software. The block diagram used for this purpose is 
shown in Figure 6-9. The crack growth in these simulations was carried out by deleting the 
element for which, the damage has reached a value equal to 1. 
 
 
6 . 5 . 2  P RED ICT I O N  O F  D AM AG E  EV OL U T IO N  AN D  C RA CK  IN IT I AT ION 
AND P R OP A GAT ION 
 
The immediate results of the model described in the last section are 3D maps of damage 
evolution and crack propagation as a function of cycles for different fatigue loads. These data 
are conveniently represented as plots of damage and crack length vs. number of fatigue 
cycles.  In terms of damage, this can be viewed for individual elements or averaged over an 
area of interest. This information can be used to determine the location and extent of damage 
in the adhesive layer at any time in the fatigue life. The fatigue initiation life is defined as the 
number of cycles prior to complete damage of an element or the number of cycles to generate 
a crack of predetermined size. Once a crack has initiated, the damage in elements ahead of the 
crack can be used to study the size and shape of the process zone. Any overloads in the 
fatigue spectrum will increase damage in the elements ahead of the crack. Hence, the crack 
acceleration which has been observed in the variable amplitude fatigue testing of bonded 
joints and which will be discussed in the next chapter can potentially be modeled using this 
approach, without the need for any further empirical interaction factors, as discussed by 
Ashcroft, (2004).  It is also interesting to note that if a visco-elastic/plastic constitutive model 
was used for the adhesive, then time dependent straining would occur under load that would 
increase damage. This, potentially, could be used to model the creep enhanced fatigue failure 
of bonded joints reported in previous works (Al-Ghamdi, et al., 2003, Al-Ghamdi and 
Ashcroft, 2003). Hence, UFM also has the potential to unify the methods used to characterise 
variable amplitude fatigue and creep fatigue in adhesively bonded joints. Once a macro-crack 
has formed, the size and shape of the crack as a function of cycles is generated, as in the 
fracture mechanics based methods. 
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The maximum equivalent plastic strain in the middle of the adhesive layer is plotted across 
the width of the SLJ in Figure 6-20 (a), for a maximum fatigue load of 7.5kN and for zero 
cycles, i.e undamaged. This load was 63% of the quasi-static failure load (QSFL). It can be 
seen that the maximum strain occurs in the middle of the joint width, which is at zero on the Z 
axis because of the symmetric boundary conditions applied during the analysis. The strain is 
constant in the central region but decreases rapidly at the sample edges.  This is consistent 
with experimental observations that the first cracks always appear in the central region of the 
SLJ, in the fillet region as shown in Figure 5-10 (b). In Figure 6-20 (b) the plastic strain along 
the overlap length in the middle of the bondline is shown. It can be seen that the maximum 
strain is at the end of the overlap region, i.e. below the embedded adherend corner.  This is in 
agreement with the location of first signs of damage and cracking in the joints as discussed in 
Chapter 5, Section 5.3 and 5.7. 
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Figure 6-20 Equivalent plastic strain distribution plotted (a) along the adhesive glue 
line and (b) across the width for the SLJ. 
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Damage progression in an element close to the embedded corner is plotted against the number 
of cycles for different fatigue loads in Figure 6-21 (b). Similar behaviour was also found in 
other elements during the simulation.  It can be seen that a non-linear increase in damage was 
found, with an acceleration towards the onset of cracking, denoted by D=1. When damage 
equals unity the element is deleted, creating a crack in the adhesive. The damage plot in 
Figure 6-21 (b) is for the element E shown in the finite element mesh in Figure 6-21 (a). 
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(b) 
Figure 6-21 (a) Element E, in the embedded corner region, (b) Damage in element E 
prior to initial crack as a function of cycles for different fatigue loads. 
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The crack growth in the central section for two different fatigue loads is plotted against the 
number of cycles in Figure 6-22. Elements were progressively deleted after the first crack 
formation and the deletion varied across the sample width. The crack lengths plotted in this 
figure are the crack lengths determined at the central section of the adhesive width. However, 
the crack, also travels across the adhesive width during the simulation. This is in agreement 
with  the  experimental  observations,  wherein  different  lengths  of  cracks  were  found  at 
different points across the adhesive. The predicted crack growth calculated is compared with 
experimental results taken from Figure 5-22, Chapter 5, in the same figure. It can be seen that 
there is a good match between predicted and experimental results. The experimental details 
regarding the measurements of crack lengths can be found in Chapter 3, Section 3.6. 
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Figure 6-22 Comparison of crack growth prediction with experimental crack growth 
for different fatigue loads for single lap joint. 
 
 
 
6 . 5 . 3 EX T ENDE D L -N CURV E P RED I CT IO N 
 
Load-life  (L-N)  is  often  plotted  instead  of  stress-life  for  bonded  joints;  as  discussed  in 
 
Chapter 5, Section 5.2.2. This is because stress in bonded joints is extremely non-uniform and 
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there is no simple relation between the easily measured average shear stress in a lap joint and 
the maximum stress. Hence, it is sensible to use load in the place of stress to define the fatigue 
life. The total fatigue life, Nf, can be divided into crack initiation and propagation lives as: 
 
Nf = Ni + Np 6-17 
 
 
where, Ni  is the number of cycles to macro-crack initiation and Np  is the number of cycles 
associated with  crack propagation prior to complete failure. It is possible to predict both Ni 
and NP in addition to Nf, from the data described in the previous section. These can be plotted 
as a function of fatigue load, as shown schematically in Figure 6-23.  The resultant plot shows 
the proportion of the fatigue life spent in crack initiation and propagation, in addition to total 
fatigue life, and has been termed an extended L-N diagram. 
 
 
 
 
Failure curve 
 
Crack initiation curve 
 
 
Crack propagation region 
 
L 
Crack initiation region 
 
 
Nf 
Figure 6-23 Schematic representation of extended L-N diagram. 
 
 
 
 
The total fatigue life calculated using the UFM matches well with the experimental results 
shown in Figure 6-24 (a). It should be noted that the prediction here is compared with the 
mean fatigue life line, i.e., the logarithmic fit to the experimental points with a R2 value equal 
to 0.75. This is a reasonable approximation owing to scatter that is generally present in fatigue 
life data. It can be seen in Figure 6-24 (a) that the predicted proportion of initiation life 
increases as the fatigue load decreases, as also seen in experiments. The crack propagation life 
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predicted using UFM is compared with that predicted using a fracture mechanics approach in 
 
Figure 6-24(b). 
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Figure  6-24  (a)  Extended  L-N  curve  using  UFM  and  (b)  comparison  between 
fracture mechanics (FM) and unified fatigue methodology for propagation lives for 
single lap joint. 
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More details of the fracture mechanics based approach are given in Section 6.3. It can be seen 
that there is a difference in the gradient of the predicted propagation life, with the UFM 
method showing less load dependency, however, the predicted number of cycles spent in 
propagation to failure agree fairly well. 
 
 
6 . 5 . 4 S T REN GT H A ND S T IF F N ES S W E AR OU T AND B F S P RED ICT I ON 
 
A reduction in the strength or stiffness of bonded joints on fatigue loading is associated with 
an increase in the damage in the adhesive. Damage is defined as the function of plastic strain 
in the adhesive. As damage in the adhesive is simulated using eqn. 6-12, strength and stiffness 
wearout can be expected. The decrease in strength of a joint owing to the modelled fatigue 
damage can be calculated by applying an increasing load to the joint until it fails. This can be 
done using an algorithm similar to the one described in section 6.4 for checking if Nf has been 
reached. Once the adhesive is damaged or cracked, a series of increasing loads can be applied 
until the model becomes unstable for the applied load. The instability in the model indicates 
that the joint cannot bear the applied load and thus an approximate value of the failure load, or 
residual strength, can be deduced. This method was found to work well in this case, however, 
alternative quasi-state failure criteria may also be used in a similar fashion. In Figure 6-25 
strength wearout results are plotted against number of cycles for two different fatigue loads. It 
can be seen that strength decreases non-linearly with respect to number of cycles with an 
accelerated strength degradation towards the end of the fatigue life. The predicted values are 
compared with experimental results in this figure. Excellent agreement between the predicted 
and experimental results can be seen. However, it should be noted that scatter that could be 
present at a particular point in fatigue life for a particular fatigue load is ignored in this case. 
Similar predictions can be expected also at lower fatigue loads, because the tendency of 
strength wearout does not change with respect to fatigue load and this is apparent in Figure 
5-19 in Chapter 5. 
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Figure  6-25  Comparison  between  experimental  and  predicted  strength  wearout  for 
different maximum fatigue loads for single lap joint. 
 
 
 
 
In the case of stiffness wearout, at each damage increment in the model the displacement at 
the loaded end of the joint for the applied maximum fatigue load can be calculated. Using this 
displacement and the applied load, the stiffness of the joint can easily be calculated. BFS can 
be calculated at any location in the joint in the same algorithm. For every increment in the 
damage, the average elastic strain on the backfaces of the adherend at any desired location can 
be calculated. This stage can be extended to include practically any other useful means of 
characterising fatigue damage, such as internal stresses and strains or natural modes and 
frequencies of vibration. The UFM was also used to predict the stiffness wearout of the SLJs 
by periodically determining joint  displacement  throughout  the  fatigue  life.  Stiffness  was 
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measured during experiments by dividing the applied load with the displacement of the ram. 
To calculate the stiffness wearout in UFM, a known maximum fatigue load was applied to a 
damaged joint, using damage mechanics simulations and the displacement at this end was 
calculated. Then the stiffness was calculated by dividing the load by the displacement. The 
predicted stiffness wearout is compared with experimental results for a maximum fatigue load 
of 7.5kN in Figure 6-26. Similar to the strength wearout, it can be seen that the stiffness 
wearout is non-linear with an accelerated degradation towards the end of the fatigue life. 
There is a reasonable agreement between experimental and predicted strength wearout, 
however, the experimental results show a sharper decrease. This may be because of a lack of 
sensitivity in the experimental displacement measurements. The machine ram is insensitive to 
a change in displacement of less than 0.02mm. 
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Figure 6-26 Comparison between experimental and predicted stiffness wearout for 
maximum fatigue load equal to 7.5kN for single lap joint. 
 
 
An important method of monitoring fatigue degradation in adhesively bonded joints in-situ is 
through the measurement of BFS as used by (Crocombe, et al., 2002, Graner Solana, et al., 
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2007, Zhang, et al., 1995). Experimental values of BFS are compared with predicted values in 
Figure 6-27, where experimental values are taken from Chapter 5, Section 5.2.2. Actual 
strains produced on the backfaces are of compressive type, but in this graph absolute values 
are plotted for the sake of simplicity of presentation. Also it should be noted that these strains 
are not simple strains, but are the combination of strains produced due to tensile loading and 
the rotation in the joint produced during this loading. Importantly, values and trends can be 
seen in the experimental and predicted results. The difference in results can be attributed to 
the absence of an exact crack propagation scenario in the prediction. In the simulation, 
symmetric crack growth from both ends of the overlap was assumed, whereas asymmetric 
crack growth is often observed in practice.  A more detailed explanation of these asymmetries 
is given in Chapter 5, Section 5.3. 
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Figure  6-27  Comparison  between  experimental  and predicted  BFS for  maximum 
fatigue load equal to 7.5kN for single lap joint. 
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6 . 5 . 5 S UM M A RY OF U F M 
 
In order to summarise the capabilities of the proposed UFM, the block diagram shown in 
Figure 6-18 is redrawn in Figure 6-28, with the results from the constant amplitude fatigue 
testing of an adhesively bonded SLJ. The hub of the method is the damage propagation law. 
The main input data are the material properties, joint geometry and boundary conditions. Two 
fatigue life data results were used to determine the constants in damage growth law for the 
particular joint. These were then used for all other fatigue loads.  Outputs consist of: firstly, 
damage evolution and crack propagation predictions as functions of the number of cycles and 
the fatigue loads, secondly, the extended L-N (or S-N), which shows both initiation and 
propagation lives as a function of fatigue load, and; finally, damage monitoring parameters 
such as strength wearout, stiffness wearout and BFS as functions of the number of fatigue 
cycles and the fatigue load. Hence, it has been shown that a single damage evolution law can 
be an effective tool in unifying the prediction of all the important characterisations of fatigue 
in bonded joints 
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Figure 6-28 UFM summarised with inputs and outputs for SLJ under constant amplitude 
fatigue loading. 
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6 . 6 CO NCL US IO NS 
 
For adhesively joined SLJs it has been seen that a fracture mechanics based approach can 
only be used to predict failure at higher  fatigue loads.   Plastic strain can be used as a 
parameter to characterise the pre-crack damage evolution in bonded joints through a simple 
power law. The damage mechanics based approach predicts the fatigue life well at both lower 
and higher fatigue loads because it is able to predict both damage initiation and crack growth. 
This proposed damage law can also be used in a unified method to predict all the major 
parameters associated with fatigue in bonded joints. Outputs from the method include, BFS, 
strength and stiffness wearout, 3D damage evolution and crack propagation maps and fatigue 
initiation and propagation lives. The technique is versatile and potentially can be used to also 
predict variable amplitude fatigue and combined creep fatigue with little further adaptation. 
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CH AP TER 7 LI F ETI M E  P REDI CT I O N  UNDE R  VA RI A B LE  AM P LI TUDE 
F ATI GUE 
 
7 . 1 INT ROD UCT ION 
 
The previous chapter was concerned with predicting fatigue lifetime under constant amplitude 
fatigue using fracture mechanics and damage mechanics based approaches. It was established 
that the damage mechanics based approach can be used to predict lifetime for both crack 
initiation and propagation phases, whereas the fracture mechanics based approach can only be 
used to predict the crack propagation phase. A unified approach was proposed using the 
damage mechanics based approach, which can be used to predict other fatigue parameters, 
such  as,  strength  and  stiffness  degradation  and  backface  strain  (BFS)  under  constant 
amplitude fatigue loading.  However, the actual loading on most structures such as adhesive 
joints in an aircraft, is highly complex, involving factors such as; the change in amplitude, 
load ratio and frequency. In this chapter, models are proposed based on analytical and 
progressive damage methodologies for lifetime prediction under variable amplitude fatigue. 
The variable amplitude fatigue loading scenarios studied involved changes in load ratio, 
amplitude and mean load. The chapter is divided into two parts. In the first part, lifetime 
prediction  using  strength  wearout  techniques  is  discussed.  Models  are  proposed,  which 
account for load ratio change, change in amplitude and also change in the mean load in 
complex loading spectra. In the second part of the chapter, fracture mechanics and damage 
mechanics based techniques are used and proposed for variable amplitude fatigue lifetime 
prediction. They are used for the same fatigue loading spectra as used for the strength wearout 
approaches. 
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7.2 E X P ER IM ENT AL RES U LT S 
 
 
 
As described in Chapter 3 Section 3.5, variable amplitude fatigue loading was achieved in 
five different ways.     In the first group, the mean load is changed, whilst maintaining a 
constant load ratio of 0.1. In the second group the load ratio and mean are changed whilst 
maintaining the same amplitude and in the third group overloads were introduced, which have 
amplitude, mean and load ratio changes. In the fourth group the mean was kept constant with 
changes in amplitude and the load ratio. In the fifth group a combination of all these effects 
were studied. A constant frequency of 5Hz was used in all cases. Type A and B spectra were 
investigated in detail for various combinations of loads. In these types of spectra it was easier 
to study the effect of load interaction effects as the load ratio remained constant throughout 
the spectra. Figure 3-10 (a) given in Chapter 3 shows Type A and B spectra schematically.  In 
the  spectrum  a  constant  amplitude  block  of  n1   cycles  with  a  mean  load  of  Lmean1   and 
maximum load of Lmax1 is alternated with a block of n2 cycles with mean and maximum loads 
of Lmean2 and Lmax2 respectively. Two types of spectra were investigated, as characterised by 
different values of n1  and n2. In Type A spectrum n1=10 and n2= 5 whereas in Type B 
spectrum n1=1000 and n2 =5.  For both of these spectra, various maximum loads and changes 
in mean load were investigated.  Table 7-1 details all the loading permutations investigated. 
Three samples were tested for each of the loading conditions given in Table 7-1. 
 
 
 
A comparison of the results from the constant amplitude fatigue and variable amplitude 
fatigue tests for spectra A and B in terms of Lmax1 can be seen in Figure 7-1. Type A spectra 
have 30% of the cycles as overloads compared to Lmax1, with a mean load increase of 18.75 to 
40%, as described in Table 7-1.  This has the effect of reducing the mean fatigue life from 
 
between 83 to 91%, with the largest decrease coinciding with the greatest increase in mean 
load in the overloads. Type B spectra have only 0.5% of the cycles as overloads. However, 
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this still has a significant effect on the fatigue life when the overloads are 23 and 40%, 
reducing the average fatigue life by 80 and 77%, respectively.  However, there is relatively 
little effect on fatigue life when the increase of the mean load in the overloads is 18.75%. 
 
 
 
 
Table 7-1 Description of variable amplitude fatigue 
loading spectra. 
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Figure  7-1  Comparison  of  cycles-to-failure  for  constant  amplitude  fatigue  and 
variable amplitude fatigue (Types A and B). 
 
 
 
An alternative way of comparing the results from constant amplitude fatigue and variable 
 
amplitude fatigue is by using the average load Lavg, which is defined as: 
 
 
 
Lavg = 
n1Lmax1 + n2 Lmax 2 
n1 + n2 
7-1 
 
 
 
 
It was seen that with the same L avg  load for both constant amplitude fatigue and variable 
amplitude  fatigue,  there  is  a  decrease  in  life  in  the  case  of  variable  amplitude  fatigue 
especially at lower loads, where the changes in mean load and amplitude are greatest. 
However, it was seen that averaging has slightly reduced the difference between Type A and 
B spectra. However, a significant reduction in life for most cases of variable amplitude fatigue 
compared to constant amplitude fatigue was still seen. So, the decrease in difference can be 
attributed to the non-linearity in the L-N diagram; which exhibits a non-proportional decrease 
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i 
in fatigue life as load increases, and, any interaction effects.  Hence, Lavg is of limited actual 
use in comparing variable amplitude fatigue and constant amplitude fatigue. 
 
A more effective method of comparing constant amplitude fatigue and variable amplitude 
fatigue is through the Palmgren-Miner rule. This was proposed by Miner, (1945) and 
Palmgren, (1924) for fatigue lifetime prediction. In this rule a characteristic S-N curve was 
used for the specific material for which prediction is needed. When a block fatigue loading 
spectrum is applied to a specimen, the damage produced over the specimen is calculated on a 
cycle by cycle basis. The specimen is assumed to fail when the damage equals unity. Damage 
for a block loading spectrum is defined as: 
 
 
 
 
n b      n 
D PM  = ∑ N 
 
7-2 
i =1 f 
 
 
 
 
 
where, ni is the applied number of cycles for block i; Nf is the number of cycles-to-failure and 
nb is the number of blocks applied. A damage sum DPM, equal to 1, indicates no fatigue load 
interaction effects. The damage sums calculated for spectra Type A and Type B are given in 
Table 7-2. It can be seen that for Type A the damage sum calculated for all loads is below a 
value of 1, indicating a damage acceleration interaction effect. This is also the case for Type 
B spectra, except for Lmax1 of 8kN. On average, the DPM value calculated for Type B spectra is 
higher than that calculated for Type A spectrum, which is also an indication of the effect of 
acceleration load interaction effects. The Palmgren-Miner rule cannot be applied to the other 
spectra used in this project because of the load ratio dependency of the constant amplitude 
fatigue L-N curve, which has only been obtained at R=0.1. However, comparison of the 
various variable amplitude fatigue spectra in terms of Lmax1 is useful as this allows the effect 
of various types of change in the fatigue load to be compared. 
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Table 7-2 Palmgren-Miner (PM) damage sum calculated for Type 
A and B spectra. 
 
 
 
 
Lmax1 [kN] Lmax2 [kN] 
Miner damage (DPM) 
 
 
Type A Type B 
 
5 7 0.29 0.51 
6.5 8 0.81 0.49 
8 9.5 0.57 1.42 
 
 
 
The experimental results for all the variable amplitude fatigue spectra with Lmax1=6.5kN are 
shown in Table 7-3. As seen for spectra Type A and Type B, there is a decrease in mean 
fatigue lifetime as compared with constant amplitude fatigue and, as expected, the decrease in 
life is greater for spectrum Type A, which has a greater number of mean load changes. 
Comparing spectra Type C and D with A and B, the former has a greater change in mean 
from one stage to another, which would be expected to be more detrimental, but the amplitude 
remains the same and the R ratio increases, which would be expected to be beneficial. It can 
be seen in Table 7-3 that the overall effect is that spectra C and D result in longer fatigue lives 
than A and B. 
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Table 7-3 Comparison of variable amplitude fatigue (VAF) with constant amplitude 
fatigue (CAF) for Type A to H spectra based on Lmax1. 
 
 
 
 
 
Spectrum type Lmax1 
Cycles to failure 
 
Lmax2      
[kN] [kN] VAF CAF (Lmax1) (VAF/CAF)×100 
 
 Mean SD (%) Mean SD (%)  
A 6.5 8 6379 84 8.66e4 87 8 
B 6.5 8 16730 15 8.66e4 87 19 
C 6.5 8 8969 20 8.66e4 87 10 
D 6.5 8 29455 63 8.66e4 87 34 
E 6.5 8 8987 34 8.66e4 87 10 
F 6.5 8 38486 45 8.66e4 87 44 
G 6.5 7 16753 50 8.66e4 87 19 
H (=C+E) 6.5 8 11244 45 8.66e4 87 13 
 
 
 
 
Experimental results for the third group of spectra are also shown in Table 7-3. Comparing 
spectra E and F with spectra A and B in Table 7-1, it can be seen that the former has slightly 
lower mean load changes between stages, but slightly higher amplitude changes. The major 
difference then is that only a single overload is applied in spectra E and F compared with 5 for 
A and B. It can be seen in Table 7-3 that this results in spectra E and F having a less 
detrimental effect on the fatigue life than spectra A and B. 
 
Experimental results for the fourth group of spectra are also shown in Table 7-3. Comparing 
spectrum G with spectrum E, it can be seen that despite the lower value of Lmax2 in the case of 
spectrum G, it appears that change in load ratio, which is -80% in the former as compared to - 
19% in the latter, see Table 7-1, has a significant effect in reducing the fatigue life of 
spectrum G. 
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In the last group, mixed effects were introduced by combining some of the two stage spectra 
in the previously described groups. Spectrum H is a combination of spectra C and E, as shown 
schematically in Chapter 3, Figure 3-10.  Experimental results for the last group of results are 
shown in Table 7-3. It can be seen that there is a considerable decrease in the fatigue life in 
this case as compared to constant amplitude fatigue. This is expected as this spectrum consists 
of a mixture of spectra C and E. The decrease in life can be due to the interaction effects 
caused by each of the spectra plus additional interaction effects for example effect of one type 
of interaction effect over the other. However, in all these comparisons relatively high scatter 
in results, as indicated by the standard deviation (SD) figured in Table 7-3. The high standard 
deviation indicates that more experiments are needed to more fully validate the conclusions 
discussed above. So, it can be said now that load interaction effects present in a typical 
variable amplitude fatigue spectrum can decrease the fatigue lifetime considerably and they 
can be caused due to change in load ratio, mean and amplitude in a fatigue loading spectrum. 
 
 
7 . 3 ANA LYT IC AL M ODEL S F OR L IF E T IM E P R ED ICT ION UNDE R 
V AR IABLE AM P L IT U DE F AT IGU E L O A D IN G 
 
The following six different methods were used to predict fatigue lifetime under  variable 
amplitude fatigue in this section. 
 
a)   Palmgren-Miner (PM) rule 
 
b)   Non-linear strength wearout (NLSW) model 
c)   Cycle mix (CM) model 
d)   Modified cycle mix (MCM) model 
 
e)   Normalised cycle mix (NCM) model 
 
f) Modified normalised cycle mix (MNCM) model 
 
 
The Palmgren-Miner rule based method has already been discussed in Section 7.1.  The other 
methods proposed, are discussed in Chapter 5 Section 5.6. The strength degradation graph 
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plotted for different fatigue loads in Figure 5-19 is used as experimental validation for all 
approaches proposed, except for the Palmgren-Miner rule. All the approaches are explained in 
detail in the following sections. 
 
 
7 . 3 . 1 P A LM GR EN M I NER RUL E 
 
 
 
 
The theory behind Palmgren-Miner rule is discussed in the Section 7.1. The results are shown 
in Figure 7-2.  It can be seen that at low cycles the Palmgren-Miner rule provides a reasonable 
prediction,  however,  at  higher  cycles  the  method  over-predicts  the  fatigue  life.    This 
conclusion is consistent with previous work in this area (Ashcroft, 2004, Erpolat, et al., 
2004a, Erpolat, et al., 2004b) and indicates the acceleration of damage and/or cracking owing 
to load interaction effects. Load interaction effects are caused by a change in mean and 
amplitude in this case. Load interaction effects are different from load sequencing effects, 
which are caused by a change in or reversing the sequence of different load levels in a 
variable amplitude fatigue loading spectrum. The Palmgren-Miner  rule cannot be applied to 
the other spectra used in this project because of the load ratio dependency of the constant 
amplitude fatigue L-N curve, which has only been obtained at R=0.1. However a Goodman- 
Soderberg diagram could be used, but such a diagram needs extensive experiments with 
different minimum and maximum loading combinations. 
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Figure  7-2  Comparison  between  experimental  and  predicted  L-N curves  using the 
Palmgren-Miner (PM) rule (a) Type A spectra, (b) Type B spectra. 
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7 . 3 . 2 N ON -L IN EAR S T REN GT H W EAR OUT M ODEL 
 
This approach to fatigue lifetime prediction is based on the strength wearout curves from 
constant amplitude fatigue testing, such as those shown in Figure 5-19. The assumed 
relationship between the residual load L(n), and normalised number of cycles is given in eqn. 
5-3 in Chapter 5, where the parameter ε given in eqn. 5-2 in Chapter 5, indicates the nature of 
 
strength wearout, as illustrated schematically in Figure 7-3. 
 
 
 
 
ε> 1 
 
 
 
 
 
 
ε = 1 
 
 
 
 
ε < 1 
 
 
L (n) = Lmax1 or 
Lmax2 
 
 
 
 
No. of cycles, N Nf 
 
 
Figure 7-3 Schematic representation of linear and non-linear strength wearout plots. 
 
 
A linear strength wearout (i.e. ε >1) was assumed already by Erpolat, et al., (2004). In this 
project it was seen that a curve with ε >1 provided a better fit to the experimental data; see 
Figure 5-19. The simplest method of using strength wearout curves from constant amplitude 
fatigue tests to predict strength wearout and cycles-to-failure in samples subjected to variable 
amplitude fatigue is illustrated in Figure 7-4. Consider an initial block of constant amplitude 
fatigue where the maximum fatigue load is Lmax1. Residual load will follow the path a-b, as 
predicted using eqn. 5-3, with an empirically determined value of ε. If the maximum load is 
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then increased to Lmax2, and no load interaction effects are assumed, the residual load will 
follow path b-c, indicating a switch to a different strength wearout curve without any decrease 
in the residual load. Strength wearout will then follow curve c-d.  This can also be predicted 
using eqn. 5-3, but with a different value for ε.   This can be repeated, moving horizontally 
between strength wearout curves until the residual load has decreased to the value of Lmax, at 
which point quasi-static failure occurs. The method can be extended to as many different 
strength wearout curves as are necessary to represent the variable amplitude fatigue spectrum. 
 
 
 
 
 
a c 
b 
 
 
d 
f 
 
 
Lmax2 
 
Lmax1 
 
 
 
 
 
 
No. of cycles, N 
 
 
Figure 7-4 Non-linear residual load graph, vertical line represents the quasi-static type of 
failure. 
 
Where experimental strength wearout data was not available, strength wearout curves were 
estimated by interpolating between the existing strength wearout curves.   In Figure 7-5 (b) 
strength wearout for constant amplitude fatigue with Lmax  equal to 5kN is compared to that 
with Type A and B variable amplitude fatigue spectra with Lmax1 of 5kN. Quasi-static failure 
in the case of the variable amplitude fatigue occurs when the residual load has reduced to that 
of the maximum load in the spectra.  In the case of Type A and B variable amplitude fatigue 
in Figure 7-5 (b) this is at Lmax =7kN.  Preceding quasi-static failure, it can be seen that Type 
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B variable amplitude fatigue follows the constant amplitude fatigue fairly closely, whereas, 
residual load decreases more quickly for Type A fatigue.  This is to be expected considering 
30% of the Type A spectra is composed of overloads, compared with only 0.1 % for Type B. 
 
 
 
12 
 
 
10 
 
 
8 
 
 
6 
5kN 
 
4   6.5kN 
 
7kN 
2 
  8kN 
 
0 
0 20000 40000 60000 80000 100000 
No. of cycles, N 
 
(a) 
 
12 
 
 
10 
 
 
8 
 
 
6 
 
 
4 CAF 
 
  Type A 
2 Type B 
 
 
0 
0 20000 40000 60000 80000 100000 
 
No. of cycles, N 
(b) 
Figure 7-5 (a) Strength wearout curves for constant amplitude fatigue at various maximum 
fatigue loads, (b) comparison of strength wearout for constant amplitude fatigue (CAF) - 
max. fatigue load 5kN  and variable amplitude fatigue using NLSW model (both Types A 
and B, with Lmax1 = 5kN) . 209 
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Figure 7-6 shows the predicted L-N curves using the NLSW approach.  These are a better fit 
to  the  data  than  the  Palmgren-Miner  rule  but  show  some  similar  trends,  including  the 
tendency to over prediction of fatigue life, especially at high cycles. 
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Figure  7-6  Comparison  between  experimental  and  predicted  L-N  curves  using  the 
nonlinear strength wearout (NLSW) model (a) Type A spectra, (b) Type B spectra. 
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γ 
This is a further evidence of the existence of load interaction effects leading to crack/damage 
growth acceleration.  The next three sections introduce predictive methods in which these 
interaction effects are accounted for. 
 
 
7 . 3 . 3 C YCL E M IX ( CM ) M ODEL 
 
A linear cycle mix model was proposed previously by Erpolat, et al., (2004b) to account for 
load interaction effects due to mean load change in a variable amplitude fatigue spectrum. 
They used a linear form for the strength degradation, i.e. ε=1 in eqn. 5-2 in Chapter 5. It was 
assumed that mean load changes caused a decrease in the residual load.   This effect was 
accounted for by the introduction of a cycle mix parameter CM, of the following form: 
 
 
 
CM = α (ΔLmn )
βL max (ΔL max,1 / ΔL mn ,1 ) 
 
7-3 
 
 
ΔLmn and ΔLmax are the mean and maximum load changes during the transition from one mean 
load to the other, α and β are experimentally determined parameters and γ is assumed to be 
unity in this case.   The application of the cycle mix factor to predict strength wearout and 
cycles-to-failure for variable amplitude fatigue is illustrated in Figure 7-7. The CM is applied 
at point f, where the mean and maximum loads decrease, i.e. where the severity of the fatigue 
loading decreases. This has the effect of an immediate reduction in the residual load.  In this 
case a cycle mix effect is not applied when the mean and maximum loads increase.  This is 
consistent with the work of Gomatam and Sancaktar, (2006), who observed damage 
acceleration when „moderate‟  loading conditions followed „severe‟  loading conditions, but 
not when the order was reversed.  It is also consistent with the mechanistic argument put 
forward by Ashcroft, (2004), who attributed crack growth acceleration seen in adhesives 
subjected to intermittent overloads to the damage caused by the overloads to the adhesive 
ahead of the crack tip.  It was proposed that this damage reduced the fatigue resistance of the 
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adhesive and resulted in accelerated crack growth for the cycles of lower amplitude following 
 
an overload. 
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Figure 7-7 Lifetime prediction model using strength wearout curves with cycle mix 
parameters to account for load interaction effects. 
 
 
 
 
In  the  absence  of  experimental  data,  Erpolat,  et  al.,  (2004b)  assumed  a  linear  strength 
wearout, however, in this case, as shown in Figure 5-19 (Chapter 5), it was seen that a non- 
linear strength wearout curve provided a better fit to the experimental strength wearout data. 
Hence, in the present study the prediction of strength wearout and fatigue life was based on 
non-linear strength wearout, as represented by eqn. 5-2, combined with the cycle mix factor in 
eqn. 7-3. This approach is termed the cycle mix (CM) model. The predicted residual load 
decrease using the CM method is compared with that using the NLSW approach in Figure 
7-8. 
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Figure 7-8 Predicted strength wearout using CM and NLSW approaches (Lmax1  = 
5kN) for (a) Type A spectrum and (b) Type B spectrum. 
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It can be seen that including the CM parameter greatly accelerates the predicted strength 
wearout for the Type A spectra but has less effect on Type B.  This can be attributed to the 
higher frequency of mean load changes in the Type A spectrum, every one in 15 cycles, 
compared with 1 in 1005 for Type B. 
 
The predicted L-N curves using the CM approach are shown in Figure 7-9.  It can be seen that 
by accounting for load interaction effects by introduction of the CM parameter, a better fit to 
the experimental data is seen than in the previous approaches in which load interaction effects 
are ignored.  The CM parameter has had the, desired effect of eliminating the over-prediction 
of fatigue life seen with the previous methods, however, there is still the potential to provide a 
better fit to the experimental data over the complete range of data.  One of the limitations of 
the CM approach is that the CM parameter is assumed to be constant over the fatigue life of 
the joint.   This may not be the case in reality, and hence the case of a variable cycle mix 
parameter is investigated in the next method. 
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Figure 7-9 Comparison between experimental and predicted L-N curves using the 
CM model. (a) Type A spectra, (b) Type B spectra. 
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7.3.4 M OD IF IE D CYC LE M IX ( M CM ) M ODE L 
 
In the modified cycle mix (MCM) approach, a variable cycle mix parameter is introduced. 
Looking at the fit of the CM method with the constant CM parameter to the experimental data 
in Figure 7-9 it can be seen that the predicted L-N curves provide a reasonable agreement 
across the range of cycles tested but do not capture the shape of the data particularly well. It 
can be seen that a better fit to the data would be acquired if the cycle mix factor was greater in 
the low cycle regime than in the high cycle regime.  It has been seen in previous work that the 
fatigue life is propagation dominated in the low cycle regime and initiation dominated in the 
high cycle regime, hence, a possible way of achieving the desired effect in a variable cycle 
mix parameter would be to make it dependent on the extent of damage in the sample, as 
introduced in eqn. 7-4: 
 
 
 
 
  ζ CM m  + α
[(ΔL )βL max (ΔL max , / ΔL mn, )   ] 
 OL  7-4 
 
 
where, OL is the overlap length and ζ is a damage parameter.  In this work ζ was determined 
by fitting a power law curve to the experimental plots of damage/crack growth vs. number of 
cycles curves shown in Figure 5-22 (chapter 5). So, δ is defined as: 
 
 
 
 
ζ = m1 (N)  2 
 
7-5 
 
 
where, m1  and m2  are obtained by fitting eqn. 7-5 to the experimental data in Figure 5-22. 
Predicted strength wearout using the MCM approach is compared with that using the NLSW 
method in Figure 7-10. By comparison with Figure 7-8, it can be seen that the MCM method 
tends to result in a reduced load interaction effect compared to the CM method. To understand 
how far the crack has travelled for a residual load of 8kN, as marked in Figure 7-10 strength 
5kN) for (a) Type A spectrum and (b) Type B spectrum. 217 
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wearout  experiments are needed for  variable  amplitude  fatigue  loading,  which  were  not 
 
conducted in this research. 
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Figure 7-10 Predicted strength wearout using MCM and NLSW approaches (Lmax1 = 
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The predicted L-N curves using this approach are compared with the experimental values in 
Figure 7-11. The prediction of fatigue life is similar to that using the CM approach in the low 
cycle regime but predicts a longer life in the high cycle regime, as desired. The resultant L-N 
curves appear to follow the trend seen in the experimental data slightly better than the CM 
approach, especially for Type A variable amplitude fatigue.   There is still scope to further 
improve the method, however, with this particular data set a better fit to the experimental data 
may be achieved most easily by imposing a fatigue threshold value as an asymptote for the L- 
N curve. 
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Figure 7-11 Comparison between experimental and predicted L-N curves using the 
MCM model. (a) Type A spectra, (b) Type B spectra. 
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7.3.5 N ORM A L IS ED C YCLE M IX M OD EL ( N CM ) M ODEL 
 
In the NLSW and CM methods, strength wearout curves were determined for each fatigue 
load using eqn. 5-2, with load dependent curve fitting parameters.  However, it can be seen in 
Figure 5-30 that a reasonable fit to all the strength wearout data, regardless of fatigue load, 
can be obtained by the application of eqn.5-6, which provides a relationship between 
normalised load and cycles. Basing strength wearout on eqn. 5-6 rather than eqn. 5-2 has the 
advantage that only a single, load independent experimental parameter is required to 
characterise strength wearout.  Using the prediction of variable amplitude fatigue on Figure 
5-30, follows a similar method to that already described for the NLSW method, except a 
single normalised strength wearout curve is used.  This can be used without a cycle mix 
parameter, if interaction effects are ignored, as in the NLSW approach, or with the constant or 
variable cycle mix parameters introduced in eqns. 7-3 and 7-4 . 
 
It has already been seen that ignoring load interaction effects results in an over prediction in 
fatigue life for the joints under variable amplitude fatigue and, hence, the normalised strength 
wearout method has been used with the constant cycle mix parameter of eqn. 7-3 and the 
variable cycle mix parameter of eqn. 7-4. The two approaches are termed the normalised 
cycle mix (NCM) and modified normalised cycle mix (MNCM) model respectively.  This is 
explained  schematically in  Figure  7-12,  in  which  normalised residual load  Ln   is  plotted 
against normalised number of cycles-to-failure, Nn.  The CMm  factor is applied at point b, 
where the mean load changes level. 
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Figure 7-12 Lifetime prediction model using normalised strength wearout curve with 
cycle mix parameters to account for load interaction effects. 
 
 
 
The prediction of L-N curves using both approaches can be seen in Figure 7-13. It can be seen 
that there is little difference between the two methods and that both provide a good fit to the 
experimental data. 
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Figure 7-13 Comparison between experimental and predicted L-N curves using the 
NCM and MNCM models for (a) Type A spectra and (b) Type B. 
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7 . 3 . 6 D IS CUS S ION 
 
A number of methods for predicting the variable amplitude fatigue response of adhesively 
bonded joints have been investigated.  The first model was the well known Palmgren-Miner 
law.  The advantage of this method is that fatigue life can be predicted using only the L-N 
curve from constant amplitude fatigue testing. The disadvantages are that the method does not 
account for non-linear damage accumulation or load interaction effects.  Application of this 
method resulted in an over-prediction of fatigue life, particularly at high cycles, in agreement 
with previous work by Ashcroft, (2004).  All the other lifetime prediction methods were based 
on strength wearout measurements.  These methods have the advantage over the Palmgren- 
Miner rule that non-linear degradation is easily accounted for, however, the experimental 
testing is more difficult.  In the first application of strength wearout curves to predict variable 
amplitude fatigue, load interactions were ignored.  Lifetime prediction was better than the 
Palmgren-Miner rule at high cycles but there was still a tendency to over-predict the fatigue 
life.  The next development was to account for load interaction effects by utilising a cycle mix 
parameter to accelerate damage when the mean and maximum load decreased.  A constant 
cycle mix parameter was successful in reducing the predicted cycles-to-failure, but resulted in 
under-predicting the fatigue life at high cycles.  An attempt to rectify this was made by 
introducing a cycle mix parameter that was dependent on damage in the sample. 
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Figure 7-14 Comparison of different prediction methods for (a) type A spectrum and 
(b) type B spectrum. 
225  
This improved the fit to the experimental data, but at the expense of increased complexity and 
further  experimental  testing.    A  final  method  attempted  to  balance  the  accuracy  with 
simplicity by using the normalised strength wearout curve.  It was seen that a reasonably good 
prediction of fatigue life could be made using the normalised strength wearout curve with a 
constant cycle mix parameter. This provided a good compromise between the capabilities of 
the method with ease of implementation. 
 
The models were also tested for fatigue loading spectra with more complexity. The details of 
different types of the complex loading spectra are given in Chapter 3. In short, these spectra 
differ from Type A and Type B spectra in a way that all the spectra possess a change in load 
ratio in addition to change in other parameters. Since all of the strength degradation 
experimental results in this project were obtained for a definite load ratio 0.1, any effect due 
to  shift  in  the  load  ratio  has  to  be  incorporated  appropriately.  Hence,  the  characteristic 
strength  degradation  parameter,  ε,  was  changed  whenever  a  shift  in  the  load  ratio  was 
introduced by Dowling, (1999) as: 
 
 
 
ηeff   = 
η 
(1 − R )(1−γ ) 
7-6 
 
 
 
where, γ is the parameter that shifts the strength wearout curves according to the shift in the 
load ratio in a variable amplitude fatigue loading spectrum. This was kept at a value of 0.4. 
Table 7-4 and Table 7-5 summarise the lifetime prediction results for all spectra for 
Lmax1=6.5kN. 
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Table 7-4 Comparison of different prediction methods for all spectra with Lmax1= 
6.5kN. SD refers to standard deviation. 
 
 
 
 
Spectrum 
type 
Experimental 
(Cycles) 
Prediction 
(Cycles) 
Mean SD (%) NLSWM CM MCM NCM 
 
A 6379 
 
B 16268 
 
C 8969 
 
D 29455 
 
E 8987 
 
F 38486 
 
G 16753 
 
H 11244 
84 7200 7185 6040 7315 
 
16 32160 29415 29140 33150 
 
20 7290 7285 7110 11520 
 
63 30145 29145 30145 25120 
 
40 18465 9471 15586 11200 
 
45 32031 31030 31031 29450 
 
50 40163 28690 28410 16600 
 
45 10800 9453 9448 10220 
 
 
 
 
 
Table 7-5 % Error for different methods for all spectra with Lmax1= 6.5kN. 
 
 
 
 
 
 
Spectrum 
type 
Experimental 
(Cycles) 
 
% error 
Mean SD (%) NLSWM CM MCM NCM 
 
A 6379 
 
B 16268 
 
C 8969 
 
D 29455 
 
E 8987 
 
F 38486 
 
G 16753 
 
H 11244 
84 12.8 12.6 -5.31 14.67 
 
16 97.6 80.8 79.1 103 
 
20 -18.7 -18.7 20.7 28.44 
 
63 2.3 -10.52 2.34 -14.7 
 
40 105 5.3 73.4 24.6 
 
45 -16.7 -19.3 19.3 23.47 
 
50 139 71.3 69.6 -0.9 
 
45 -3.9 -15.9 -15.9 -9.1 
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Table 7-4 and Table 7-5 summarise the lifetime prediction results using all the strength 
wearout based methods for all the spectra used in this project. All methods predict the lifetime 
well considering the large scatter in the fatigue life data. The blend of over and under 
predictions for each method can be attributed to the scatter that is generally present in the 
fatigue life data. On the whole, it can be said that the strength wearout can be used as the 
basis to predict the fatigue lifetime for complex loading, even when there is a mixture of 
different types of change in parameters and consequently the load interaction effects. 
 
 
7 . 4 P R OG RES S IV E DAM A GE M OD E LL ING T ECHN IQ UE S F O R 
L IF ET IM E P R ED ICT ION 
 
In the last section fatigue lifetime prediction was based on phenomenological models. This is 
a good way of predicting fatigue lifetime. However, a more physically meaningful way is by 
using progressive damage modelling techniques.  In these models the lifetime prediction is 
carried out using a failure criterion, which can normally be modelled by writing external 
subroutines to the already existing FEA packages. In this section of the chapter, both fracture 
mechanics and damage mechanics based models are used to predict the fatigue lifetime under 
variable amplitude fatigue loading. 
 
 
7 . 4 . 1 T HEO RY 
 
7.4.1.1 FRACTURE MECHANICS BASED LIFETIME PREDICITON 
 
 
Two variants of numerical crack growth integration were used to predict fatigue lifetime 
under variable amplitude fatigue. These were distinguished on the basis of different cycle 
counting procedures. In the first, numerical crack growth integration-I (NCGI-I), loading 
blocks in the variable amplitude fatigue were considered separately, as shown schematically 
in Figure 7-15 (a). In numerical crack growth integration-II (NCGI-II), the cycle representing 
the transition from one block to another was included in the cycle count, as illustrated in 
Figure 7-15 (b). 
228  
 
 
 
 
 
 
 
 
+ = 
n2 
 
 
n1 (a) n1 n2 
 
 
 
 
 
 
+ 
+ 
= 
n2 - 1/2 
 
 
n1 - 1/2 1   
 
(b) 
 
n1 - 1/2 1 
 
n2 - 1/2 
 
 
 
Figure 7-15 Cycle counting method for (a) NCGI-I and (b) NCGI-II. 
 
 
 
 
 
The algorithm, written in Python © (Python Software Foundation Inc., Hampton, USA) script 
language, used for the numerical crack growth integration analysis is shown in Figure 7-16 
and can be described by the following steps. 
 
Step 1: model the SLJ with an initial crack length, ao, and set the number of cycles, N, to zero. 
 
 
Step  2:  perform  quasi-static  analysis  for  both  the  maximum  fatigue  load  Lmax   and  the 
minimum fatigue load Lmin. 
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F 
Step 3: determine Gmax, Gmin, and, hence, ΔG using the virtual crack closure technique 
(Krueger, 2002). If Gmax>GIC, N equals Nf, the number of cycles-to-failure. If 
Gmax<Gth, there is no crack growth. 
 
Step 4: calculate the fatigue crack growth rate da/dN using: 
 
 
 
 
 
da  
= C  (∆G)mF 
dN 
 
7-7 
 
 
 
 
 
Step 5: determine the new crack length using: 
 
a = a + dN da 
dN 
 
 
 
 
7-8 
 
 
where  dN  is  equal  to  either  n1   or  n2,  depending  upon  which  loading  block  is  under 
consideration for the variable amplitude fatigue loading spectrum. 
 
Step 6: check if ai = af, where af is the crack length for fast crack growth. If yes, then N = Nf. 
If not, then change the loading level to the next loading level of the spectrum and repeat steps 
1 to 4 until the crack length reaches the crack length for fast crack growth. 
 
In cases where, the load ratio, R, was different to that used on the fracture tests used to define 
the constant in eqn. 7-7, the constant CF was altered using eqn. 7-9 (Dowling, 1999): 
 
 
 
CF mod = 
CF 
(1 − R )mF (1−γ ) 
7-9 
 
where, R is the load ratio and the parameter γ is set to 0.4. 
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Initial crack length, 
a0 =0.01mm and N=0. 
 
 
 
Perform quasi-static analysis 
for Lmax and Lmin of fatigue 
loading spectrum. 
 
 
 
 
 
Calculate Gmax and Gmin and 
ΔG = Gmax – Gmin. 
 
 
 
 
Calculate da/dN using eqn. (5). 
 
 
 
 
 
Calculate new crack length 
using eqn. (6). 
 
 
 
 
Is a =a ? Yes f N =Nf. Stop. 
 
 
 
No 
 
Increase to the next load 
level. 
 
 
Figure  7-16  Block  diagram  used  for  NCGI  approach  under  fracture  mechanics  based 
approach for lifetime prediction. 
 
 
 
 
7.4.1.2 DAMAGE MECHANICS BASED LIFETIME PREDICTION 
 
 
In this approach, the damage rate dD/dN was assumed to be a power law function of the 
plastic strain range. This is given by: 
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dD 
= C  (∆ε
  
)mD
 
dN D p 7-10 
 
where, Δεp  is the plastic strain range calculated from the maximum and minimum fatigue 
loads of a fatigue loading cycle. CD and mD are experimentally derived constants. The model 
was implemented using an external subroutine written in Python © (Python Software 
Foundation Inc., Hampton, USA) script language. This was interfaced with the MSC Marc 
software to simulate the damage and crack progression process. The algorithm used for the 
analysis is shown in Figure 7-17. It can be described by the following steps: 
 
step 1: model the SLJ with an initial crack length, ao, and set the number of cycles, N, to zero. 
 
 
Step 2: perform a non-linear static analyses for both maximum and minimum loads of the 
fatigue loading spectrum and determine the plastic strain range for each element in 
the adhesive layer. 
 
Step 3: check if the analysis converges. If yes then step 4, otherwise N = Nf and stop the 
program. 
 
Step 4: determine the damage rate dD/dN for every element in the adhesive layer using eqn. 
 
7-10. 
 
 
Step 5: calculate a new value of damage for each element in the adhesive using: 
 
 
D = D + dD dN 
dN 
 
where, dN is the selected increment to the number of cycles. 
7-11 
 
 
Step 6: check if D=1, if yes then create a crack increment equal to the length of the element 
for which D =1, and go to step 2. 
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Step 7: if D ≠ 1 then, for the new value of damage, calculate new material properties as: 
 
 
E = E0 (1 − D) 
σyp  = σyp0 (1 − D) 
 
β = β0 (1 − D) 
7-12 
 
7-13 
 
7-14 
 
 
where E0, ζyp0 and β0 are Young‟s modulus, yield stress and plastic surface modifier  constant 
 
for the Parabolic Mohr-Coulomb model respectively. 
Step 7: change the load level to the next level of the fatigue loading spectrum and go to step 2. 
The constants CD  and mD  were determined by repeating the procedure above for different 
 
values at two different fatigue loads under Constant amplitude fatigue and optimising. These 
constants were then kept constant to determine the life for other fatigue loads. In this way, CD 
and mD were used to completely characterise the mechanism of fatigue damage and failure of 
SLJs under constant amplitude fatigue, this is discussed in detail in Chapter 6, Section 6.5. 
The same constants were used for the variable amplitude fatigue. 
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Figure 7-17 Block diagram for damage mechanics based prediction 
for variable amplitude fatigue loading. 
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7 . 4 . 2 RE S ULT S A ND D I S CU S S ION 
 
In Figure 7-18 , the crack growth for Type A and B spectra using the NCGI-I and NCGI-II 
cycle counting approaches are compared. The load combination Lmax1 and Lmax2 were 5 and 7 
kN respectively. In the case of Type A spectrum, the NCGI-II method has a higher crack 
growth rate than NCGI-I, whereas in the case of Type B, there is little difference between the 
two methods, which can be attributed to the reduced number of transitions. Steps can be seen 
in the crack growth curves for Type B spectrum that represent the change in crack growth 
associated with changes in the fatigue load, which were only 1 in 1000 cycles. This is less 
noticeable in the Type A spectrum as the fatigue load shifts are more frequent in this case 
being 67 in 1000 cycles, compared with 1 in 1000 cycles. A sharp increase in crack growth in 
NCGI-II approach for Type A spectrum is attributed sudden increase in strain energy release 
rate after certain crack length in the simulation. This sudden increase is due to involvement of 
new load level in this spectrum. 
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Figure  7-18  Crack  growth  comparison  between  numerical  crack  growth  integration 
(NCGI)-I and II approaches for (a) Type A spectrum and (b) for Type B spectrum. 
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In the damage mechanics based approach, damage prior to crack propagation is simulated as 
described in Section 7.4.1.2.  The evolution of damage in an element E in the vicinity of the 
embedded corner of the adhesive as indicated in Figure 7-19 (a), is shown in Figure 7-19 (b). 
The load Lmax1  in this case is 6.5kN. It can be seen that there is a non-linear increase in 
damage for both of the fatigue loading spectra.  The damage growth rate for Type A is higher 
than for Type B because of the higher frequency of fatigue load changes. Crack growth at the 
centre of the joint is plotted for both spectra against number of cycles in Figure 7-20.  It can 
be seen that the crack initiation period, as well as the total life, for Type A is lower than for 
Type B. The life spent in crack initiation for Type A is 75%, compared to 80% for Type B.  It 
can also be seen that crack growth is rapid towards the end of the fatigue life. 
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Figure 7-19 (a) Element E, in the embedded corner region and (b) damage in 
element E prior to initial cracking as a function of cycles for Lmax1 = 6.5kN. 
 
. 
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Figure 7-20 Crack growth for Type A and B spectra for Lmax1 = 6.5kN. 
 
 
 
A picture taken from the actual simulation is shown in Figure 7-21. It can be seen that the 
elements are deleted in the central portion and damaged, moderately damaged and severely 
damaged elements can be seen ahead of the crack front in adhesive layer. 
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Figure 7-21 Process zones ahead of crack tip obtained for Lmax1 = 6.5kN for Type 
A spectrum after 1000 cycles. 
 
 
 
 
The fatigue lifetime prediction results for spectra A and B using both fracture mechanics and 
damage mechanics methods can be seen in Figure 7-22 (a) and (b) respectively.  In the case of 
spectrum A, it can be seen that both the fracture mechanics approaches predict the fatigue 
lifetime well at low cycles but under-predict the fatigue life at higher cycles. This may be 
because at low cycles the initiation period is smaller, as reported in Chapter 5, Section 5.8.2. 
NCGI-I provides a slightly better fit to the experimental data than NCGI-II. 
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Figure 7-22 Comparison of predicted fatigue lifetimes for fracture mechanics (FM) 
based and damage mechanics (DM) based approaches for (a) Type A and (b) Type B 
spectra. 
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The under-prediction of the fatigue life may be attributed to the absence of a crack initiation 
phase in the fracture mechanics based simulations. The fracture mechanics method, also does 
not account for any acceleration in the damage or crack growth as a result of cycle interaction 
effects, as previously reported (Ashcroft, 2004, Erpolat, et al., 2004a). Hence, it may be 
expected, if these were significant, that it would over-predict the fatigue lifetime. However, in 
this case this effect appears to be compensated for by not accounting for the crack initiation 
phase. In the case of the Type B spectrum, both of the fracture mechanics based approaches 
significantly under-predict the fatigue lifetime, as shown in Figure 7-22 (b). However, the 
difference between NCGI-I and NCGI-II is smaller because of the lower frequency of fatigue 
load changes than in Type A.  It would be expected in this case that any load interaction effect 
would be less than seen with spectrum A and this may explain why there is a more significant 
under-prediction of the fatigue life for spectrum B. With spectrum A the under-prediction of 
the fatigue life from ignoring the initiation phase is partly offset by the effect of ignoring the 
previously observed acceleration in the damage or crack growth as a result of interaction 
effects. The latter is less significant in the case of spectrum B and hence the under-prediction 
of fatigue life is more pronounced. It is theoretically possible then that in the fracture 
mechanics approach, errors from neglecting the initiation phase could be completely offset by 
error from ignoring interaction effects to result in a false impression of a good predictive 
technique. 
 
The damage mechanics approach, in comparison to the fracture mechanics approach, 
automatically accounts for both a fatigue initiation phase and load interaction effects. In this 
method damage continuously develops in a damage or process zone ahead of the crack tip. 
For a decrease in the severity of fatigue load, crack growth will be initially through a more 
highly damaged region, resulting in an accelerative fatigue load interaction effect, as proposed 
in previous work (Ashcroft, 2004, Erpolat, et al., 2004a). Figure 7-22 shows that the damage 
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mechanics approach provides a reasonably, good prediction of fatigue life for both spectra, 
though there is a tendency to over-predict the fatigue life, especially in the case of spectrum 
B. The reason for the over-prediction of fatigue life is not clear, and further investigation of 
both the nature and implementation of the proposed damage law are worthy of further 
investigation. 
 
Similar fatigue lifetime predictions were also made for the other spectra and the results are 
summarised  in  Table  7-6.  It  can  be  seen  that  both  fracture  mechanics  methods  always 
significantly under-predict the fatigue life, with NCGI-I providing slightly better predictions. 
 
 
Table 7-6 Comparison between experimental and prediction for all spectra tested and 
using all the prediction methods used in this project for Lmax1 = 6.5kN. 
 
 
 
 
Spectrum 
type 
Experimental 
(Cycles) 
 Prediction 
(Cycles) 
   
% error 
 
 Mean SD (%) NCGI-I 
NCGI- 
II 
Damage 
Mechanics 
NCGI- 
I 
NCGI- 
II 
Damage 
Mechanics 
A 6379 84 1920 1696  11000 -69.90 -73.41 72.44 
B 16268 16 8015 7501  24500 -50.73 -53.89 50.60 
C 8969 20 2115 1886  7462 -76.40 -82.60 16.80 
D 29455 63 6030 5026  33164 -79.52 -92.96 12.58 
E 8987 40 2629 1965  17443 -70.41 -79.28 94.07 
F 38486 45 6006 6005  34607 -84.39 -76.90 10.07 
G 16753 50 3536 3490  21995 -78.89 -79.16 31.22 
H 11244 45 2303 2095  9846 -79.51 -82.10 12.43 
 
 
 
The damage mechanics method, in contrast, always over-predicts the fatigue life.  A clearer 
representation of the prediction results is shown in Figure 7-23. If the fatigue life for any 
spectra is considered to be X, then if the average of all the SDs is taken, all the experimental 
results fall in a band of ± 45%. If the prediction using fracture mechanics based approaches is
 
assumed to be PF, then on average, fracture mechanics based approaches under-predict by 
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73%. Considering the average SD for all the spectra which is 45%, fracture mechanics based 
approach still falls below the scatter in the fatigue life data. So, the fracture mechanics based 
approach under-predicts in every case. The damage mechanics based approach over-predicts 
by 34%, (PD), which still falls, within the scatter of the fatigue life data. A schematic diagram 
of such an interpretation is given in Figure 7-23. It can be seen that experimental data has a 
mean SD of 45%, shown as a dotted line on either side of the mean fatigue life line. The 
fracture mechanics based approach on average under predicts the life by 73% below the mean 
life, which is shown as long-dash-short-dash line. And damage mechanics based approach 
over predicts by 34%, which can be seen as a better prediction of the fatigue lifetime. 
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Figure 7-23 Comparison of predicted fatigue lifetimes for fracture mechanics based and 
damage mechanics based approaches with actual life. 
 
 
 
 
7 . 5 S UM M A RY AN D C ONC LUS IO NS 
 
In the first part of this chapter, results from variable amplitude fatigue testing of adhesively 
bonded  single  lap  joints  were  presented.    Strength  wearout  measurements  presented  in 
Chapter 5 demonstrated a non-linear decrease in the residual failure load of fatigue tested 
samples, with an acceleration towards the end of the fatigue life, which coincided with a rapid 
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increase in the damage in the sample.  This non-linear degradation means that predictive 
methods based on linear damage accumulation, such as the Palmgren-Miners law, may not be 
appropriate. It was also seen that when normalised failure load was plotted against normalised 
number of cycles that all the strength wearout data, regardless of fatigue load, could be 
represented by a single curve. This is significant for failure prediction as it reduces the 
number of experimentally determined constants required for life prediction and allows easy 
accommodation of the prediction of fatigue behaviour including loads not covered by the 
experimental strength wearout tests.  In the variable amplitude fatigue testing, two main types 
of spectra were investigated, the difference being the proportion of the fatigue life at higher 
loads.  It was seen that the introduction of only small numbers of cycles at higher loads could 
result in a large decrease in the number of cycles-to-failure.   This is in agreement with 
previous work, which has indicated load interaction effects in the variable amplitude fatigue 
testing of bonded joints, with both mean load changes and overloads resulting in damage 
acceleration (Ashcroft, 2004, Erpolat, et al., 2004a). These effects need to be accommodated 
in any lifetime prediction procedure if the variable amplitude fatigue behaviour of adhesively 
bonded joints is to be accurately predicted. 
 
Experimental testing has shown that the degradation of adhesively bonded joints in fatigue 
testing can be non-linear and that load interaction effects in variable amplitude fatigue can 
result in damage acceleration.   This means that methods of predicting variable amplitude 
fatigue in bonded joints using methods based on linear damage accumulation, such as the 
Palmgren-Miner rule, are not appropriate and tend to over-predict fatigue life.  Improved 
predictions of fatigue life can be made by the application of non-linear strength wearout 
methods with cycle mix parameters to account for load interaction effects.  The strength 
wearout methods have the further advantage that residual strength of the joint throughout the 
fatigue life can be predicted and, with the aid of further testing, can be related to physical 
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damage in the sample and non-destructive measurements, such as backface strain.  However, 
the main drawback to all such phenomenological models is that experimental testing is 
required to determine the model constants for any particular combination of materials, joint 
geometry and environmental conditions.   Though, the proposed models have only been 
validated for an epoxy-aluminium alloy single lap joint, the phenomenological nature of the 
strength  wearout  models  means  that  they  should  be  widely  applicable.    However,  the 
particular form of strength wearout model most appropriate will most likely depend on 
materials, geometry and loading spectrum. 
 
Progressive damage modelling approaches were also used for lifetime prediction. Under this 
category, fracture mechanics based and damage mechanics based approaches were used. 
fracture mechanics based approaches were found to under predict the fatigue lifetime in all of 
the cases. This was because of the presence of a crack initiation phase in the fatigue lifetime 
even after the introduction of new load levels. The damage mechanics based approach 
however, predicted well for all the spectra tested. This approach is best among all of the 
approaches as this does not need any separate parameter to incorporate the load interaction 
effects. 
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CH AP TER 8 DI S C US S I O N 
 
8 . 1 CO NS T ANT AM P L IT U DE F AT IGUE 
 
Damage can be characterised in-situ using the backface strain (BFS) measurement technique 
for adhesively bonded single lap joints (SLJ). It was seen in this work that BFS can be used to 
characterise damage under fatigue loading both at low and high fatigue loads. At higher 
fatigue loads the fatigue lifetime can be divided into three phases, viz. crack initiation, slow 
crack propagation and fast crack growth. At lower fatigue loads, the fatigue lifetime is 
dominated by crack initiation. After a noticeable increase in the BFS during fatigue loading, 
both at lower and higher fatigue loads, partially tested joints were sectioned and viewed for 
damage and cracks. It was found that BFS was effective in recognising crack propagation, but 
is less sensitive to increase in damage only. Hence, at lower fatigue loads a constant BFS 
indicated the domination of damage initiation, with cracking, only at the end of the fatigue 
life, which gives rise to a rapid increase in the BFS measurements. 
 
Three different types of crack growth scenario were observed: Type A-with crack growing 
from only one end of the overlap; type B-symmetric crack growth from both the ends of the 
overlap,   and;   type   C-asymmetric   crack   growths.   These   different   scenarios   can   be 
characterised using BFS strain measurement. Fracture surface characterisation using field 
emission gun scanning electron microscopy was also shown to provide information regarding 
the three different phases of damage or crack propagation, supporting the effectiveness of 
BFS  measurement  technique  for  characterising  damage  and  crack  growth  under  fatigue 
loading for bonded joints. Based on these results, a damage progression model, which was 
called an extended S-N curve model, was developed, which was used to determine the 
remaining life in bonded joints. A similar type of model can be used for other types of 
geometriy, however, the shape of the crack initiation and propagation regions can change 
depending upon the particular damage evolution behaviour. 
246  
Strength degradation was seen in bonded joints subjected to fatigue, owing to damage or 
cracking in the adhesive. It was seen that the residual strength decreases non-linearly, even 
when only damage is present in the joints. A relationship can be seen between damage, BFS 
and strength wearout, which can help in monitoring and predicting the failure of bonded 
structures subjected to fatigue loading. The non-linear strength wearout model can be used to 
predict  the  remaining  strength  in  the  joint  based  on  residual  strength  measurement 
experiments. In any case, measurement and characterisation of damage needs many 
experiments for a particular joint type. 
 
Progressive damage models, such as the one based on fracture and damage mechanics, have 
advantages over the models discussed so far in this section. This is because under certain 
constraints,  the  models  can  be  applied  to  different  types  of  geometry.    In  the  fracture 
mechanics based approach a Paris law for crack propagation was used and the lifetime after 
crack initiation was determined. The main requirement to use this approach is a pre-crack in 
the structure. When this approach was applied to lifetime prediction of bonded SLJ under 
constant amplitude fatigue, using strain energy release rate as the crack growth criterion, an 
under-prediction of the fatigue life was found, especially at lower fatigue loads. This is 
because at these loads the crack propagation comprises only a portion of the total fatigue 
lifetime. This indicates that the use of fatigue crack propagation laws based on fracture 
mechanics experiments are not sufficient in the case of bonded joints with significant fatigue 
initiation life. However, in this case a damage mechanics based approach can be used, in 
which the damage rate is defined as a function of equivalent plastic strain. This method 
resulted in excellent lifetime predictions, both at low and high fatigue loads. This is because 
both  damage  and  crack  propagation  were  modelled  and  thus  the  significance  of  crack 
initiation at lower fatigue loads has effectively been simulated. Another advantage of this 
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model is that it is generic, and can potentially be used for all types of bonded joints. However, 
in this project it was used only on SLJs. 
 
The proposed damage mechanics based model can also be used to unify all the parameters 
such as, strength wearout, BFS, damage and crack propagation. which are common to bonded 
joints and many other types of joints or materials. This approach is called the Unified Fatigue 
Methodology (UFM). In this approach, the damage mechanics based model is used to predict 
not only the lifetime but also other aspects of fatigue behaviour such as; initiation and 
propagation along with, strength and stiffness wearout. A single model can thus be used to 
predict all the major parameters governing the fatigue behaviour in bonded joints. 
 
 
8.2 V AR IAB LE AM P L I T UDE F AT IGUE 
 
Various interaction effects caused by overloads, mean load changes, load ratio changes etc. in 
variable amplitude fatigue can decrease the fatigue lifetime considerably. This is because of 
damage or crack growth acceleration related to these interaction effects. It was seen that the 
Palmgren-Miner rule predicted fatigue life quite well at higher fatigue loads, whereas at lower 
fatigue loads the Palmgren-Miner rule over-predicted the fatigue lifetime when mean load 
changes were seen in the fatigue loading spectrum. 
 
The Nonlinear Strength Wearout Model (NLSWM) uses the strength wearout curves from 
constant amplitude fatigue loading to predict the fatigue lifetime under variable amplitude 
fatigue. When mean load changes are introduced without changing the load ratio, the model 
can be applied as it is. When the load ratio is changed along with mean load changes, the 
model has to be slightly modified to account also for this factor. The results using this model 
are better than those using the Palmgren-Miner rule, however, an over-prediction of fatigue 
lifetime still exists at higher cycles. A cycle mix model, which accounts for interaction effects 
that cause a reduction in life under variable amplitude fatigue can be used to obtain better 
predictions. However, taking into consideration the non-linearity of the evolving damage 
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evolution, it would be unwise to think the cycle mix effect also remains constant throughout 
the fatigue lifetime. Hence, a Modified Cycle Mix (MCM) model can be used, wherein the 
cycle mix factor is a function of experimental damage and the number of cycles. In this model 
the cycle mix factor changes as the number of cycles changed. A better fit to the experimental 
data was found in this case. 
 
The main problem with the approaches based on strength wearout curves is that they require 
extensive experimental data. However, if the normalised strength wearout curve is used, it can 
be seen that the data points at different loads cluster around the same line with negligible 
deviations. This leads to a single strength wearout curve, which can be used for all fatigue 
loads. This single curve can be used to predict the fatigue life under variable amplitude 
fatigue. A Weibul probability distribution can also be fitted to these points, which can be used 
to determine the probability of failure at a certain number of cycles. 
 
Progressive damage models are more generally applicable than the phenomenological 
approaches, discussed in the last section. This is because progressive damage models consider 
the damage or failure evolution more directly. Fracture mechanics based approaches can be 
used to predict the lifetime under variable amplitude fatigue. However, errors can occur when 
load interaction effects and initiation life are ignored. This is especially the case at higher 
cycles, where the initiation phase is still present, even after the introduction of overloads. 
However, the damage  mechanics  based approach can predict fatigue lifetime  well at all 
fatigue loads and with any type of load interaction. In addition, no separate parameter is 
needed  to  incorporate  the  load  interaction  effects.  Hence,  it  can  be  said  that  damage 
mechanics based approach best suits the lifetime prediction of bonded joints under both 
constant amplitude fatigue and variable amplitude fatigue loading. 
249  
CH AP TER 9 CO NC LUS I O NS AN D F UTURE W O R K 
 
9 . 1 CO NCL US IO NS 
 
The fatigue loading region can be divided into low and high loading regions. In this study low 
loading  regions  were  described  as  those  below  50%  of  the  QSFL,  with  high  loading 
nominally above this value. The backface strain (BFS) measurement technique can be used to 
characterise damage and cracking and identify different types of crack growth. At higher 
fatigue loads, the fatigue life consists of regions of crack initiation, stable crack propagation 
and fast crack growth, whereas at lower fatigue loads the fatigue life is dominated by crack 
initiation, and crack propagation takes place only towards the end of  the fatigue life. A 
damage progression model can be proposed using BFS and the load vs. number of cycles 
plots, which can be used to determine the remaining life in single lap joints, both at lower and 
higher fatigue loads. 
 
The residual strength in bonded single lap joints decreases non-linearly with respect to the 
number of cycles. The residual strength reduces gradually, showing a wearout type of nature, 
until the residual strength in the joint approaches the applied maximum fatigue load and crack 
acceleration occurs. After this, the joint fails quasi-statically. This latter phenomenon is the 
“sudden death” type of failure. Normalised residual strength values cluster around a single 
curve, when plotted against the normalised number of fatigue cycles. This gives rise to a load 
independent strength wearout curve, which can be used to predict the remaining strength in 
bonded joints.   The parameter, ε, used to characterise this curve can be determined with a 
relatively small number of experiments and the resulting equation can be used to predict the 
remaining strength in the joint. A normalised probabilistic model can also be fitted to the data, 
which can be used to determine the probabilistic value of the remaining strength after a 
certain number of cycles. 
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The fatigue lifetime under constant amplitude fatigue can be predicted using both fracture 
mechanics and damage mechanics based approaches. The fracture mechanics based approach 
predicts the fatigue lifetime well at higher fatigue loads, however, at lower fatigue loads it 
under-predicts the fatigue lifetime. The damage mechanics based approach, however, predicts 
the fatigue life well at both lower and higher fatigue loads. Hence, the damage mechanics 
based approach is preferred over the fracture mechanics based approach to predict the fatigue 
lifetime of bonded joints under constant amplitude fatigue. 
 
Fatigue lifetime reduction can be caused by load interaction present in a variable amplitude 
fatigue loading spectrum. Load interaction effects can cause damage or crack growth 
accelerations, which decrease the fatigue lifetime. The Palmgren-Miner rule can be used to 
predict the variable amplitude fatigue lifetime, however, it can not account for either non- 
linearity present in the damage evolution or for damage or crack growth accelerations due to 
load interaction effects. A strength wearout based approach can be used, where the decrease 
in residual strength owing to the fatigue damage can be used to predict the fatigue lifetime for 
a variable amplitude fatigue.   The Non-Linear Strength Wearout Model (NLSWM) is one 
such approach, where a series of strength wearout curves can be used to predict the fatigue 
lifetime for variable amplitude fatigue. The results are better than those seen with the 
Palmgren-Miner rule, however, they cannot predict load interaction effects.  A Cycle Mix 
Model (CMM) can be used, where the load interaction effects are accounted for by using an 
empirical cycle mix parameter. This model can predict variable amplitude fatigue reasonably 
well, however, a Modified Cycle Mix Model (MCMM) in which, a variable cycle mix 
parameter is introduced is even more realistic. A Normalised Cycle Mix Model (NCMM), 
however, not only incorporates the load interaction effects, but is also simple, because the 
strength wearout curve in this case is load independent. 
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Fracture mechanics and damage mechanics based models can also be used to predict the 
fatigue lifetime under variable amplitude fatigue. Fracture mechanics based models under- 
predict the fatigue life due to their inability to incorporate damage initiation. They are also 
unable  to  simulate  damage  acceleration  due  to  load  interaction  effects.  The  damage 
mechanics based approach over predicts the fatigue lifetime, however, the over-predictions 
are within the scatter of the fatigue life data. Hence, this is the most promising technique for 
the fatigue lifetime prediction of bonded joints. 
 
 
9 . 2 F UT UR E W ORK 
 
Further stiffness measurements should be made to complete the strength wearout 
characterisation. The deformation should be measured near the joint. A stiffness wearout 
curve, if obtained, can be more useful than the strength wearout curves as the stiffness 
wearout measurements are non-destructive. 
 
Rigorous experiments should be conducted to study the load interaction effects more closely. 
Either single lap joints with considerably larger overlap lengths, more than 20mm, or 
alternative joint geometry, such as double lap joint should be considered. Interaction effects 
for different types of variable amplitude fatigue loading spectra should be studied with a pre- 
existing crack. BFS can also be measured during this process to aid the identification of any 
damage or crack growth accelerations. 
 
A new parameter has to be incorporated into the damage progression model proposed in this 
project that can be used to predict the remnant life in bonded joints even under lower fatigue 
loads. Non linear strength wearout model has to be changed to account for the change in 
single lap joint dimensions. 
 
In  the  damage  mechanics  based  models,  asymmetry  of  the  crack  growth  should  be 
investigated,  which  must  be  carried  out  by  building  the  full  model,  without  rotational 
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symmetry. Also, any asymmetry in the fillets can also be modelled in the joint.  These models 
should also be used to investigate any frequency change effects. This is necessary as for a 
given load time history on a structure the frequency of the loading changes drastically. This 
was not studied in this project. In addition, the damage mechanics based model should be 
validated for variety of other geometries. 
 
Factors such as change in the geometry of embedded corners of single lap joints from joint to 
joint should be considered during progressive damage modelling simulations. The existence 
of oxide layer, which was avoided during this project should also be considered during 
simulations. 
 
Other progressive damage modelling techniques, such as; cohesive zone modelling, and; 
continuum damage mechanics should be further investigated and modifications for bonded 
joints  should  be  proposed.  These  models  can  potentially  be  used  for  predicting  fatigue 
lifetime under variable amplitude fatigue loading. 
 
Fatigue is also seen with respect to vibrations often in the bonded structures. This will add a 
new dimension to analysis of fatigue crack growth or the lifetime prediction. A thorough 
investigation into the dynamics of bonded joints should be carried out. Characterisation of 
damage in such cases becomes more complex and change in frequency in these cases also has 
to be studied. 
 
Further, this project has partly validated the novel AC DC surface pretreatment with respect 
to constant and variable amplitude fatigue loading. A full validation of this treatment and 
comparison of this treatment with the current industrial standard is also necessary. This 
should be carried out by conducting both static and fatigue experiments on variety of bonded 
joint geometries. 
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